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Abstract 
 
Sexual reproduction is an ancient biological process and in most species, has resulted in the 
evolution of two distinct sexes; females that are typically categorised as producing relatively 
large and metabolically costly gametes, and males that produce smaller less costly gametes. Such 
differences between the sexes can result in discordant selection pressures where, for example, 
males are selected for a fast mating rate, whereas it is beneficial for females to reproduce less 
often. Because the sexes share a genome, such discordant selection can create an intralocus 
sexual conflict, where an allele can be simultaneously beneficial in one sex while being 
detrimental in the other. Ultimately, the resolution of intralocus sexual conflict occurs via the 
evolution of sexual dimorphism, which allows each sex to approach its individual fitness 
optimum. A prime mechanism for the evolution of sexual dimorphism is sex-biased gene 
expression, where males and females express the shared genome differently to produce distinct 
phenotypes. 
 
Sex-biased gene expression (SBGE) appears to be a common feature of dioecious species and 
during my PhD candidature, I studied the following aspects of the evolution of SBGE in the 
Australian vinegar fly Drosophila serrata. 1) A deficit of male-biased X-linked genes has been 
observed in several other species. I assessed the possibility that such a nonrandom distribution of 
sex-biased genes in D. serrata is a by-product of dosage compensation rather than selection. I 
found that both selection and dosage compensation likely play a part. 2) While the rapid 
evolution of male-biased genes is a strikingly consistent pattern of divergence between species, I 
asked whether the same patterns occur for divergence among populations within species 
spanning a latitudinal gradient. I found that the patterns are indeed reflective, and I also 
discovered that many more genes diverged in males than females. Because a lot of the male-
specific divergence did not clinally vary with latitude, as might be expected of spatially variable 
natural selection, I hypothesised that male-driven divergence might be in response to stronger 
sexual selection on males, which may occur on a population-specific scale. 3) While 
comparisons of protein coding sequence between species indicate that positive selection is a 
possible explanation for the rapid evolution of male-biased genes, I found support for several 
other explanations in relation to the evolution of gene expression of male-biased genes in D. 
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serrata. First, given that any response to selection is proportional to the magnitude of genetic 
variance, the accelerated evolution of male-biased genes may be facilitated by my finding that 
male-biased genes in D. serrata possess significantly more genetic variance. Second, 
evolutionary change may be inhibited by the fact that genes can be involved in multiple 
biological processes (pleiotropy). For instance, a mutation that enables the gene product to be 
better at job A can make it worse at job B, the so called “cost of complexity”. While I found that 
male-biased genes in D. serrata appear less inhibited by overall pleiotropy, a more specific form 
of pleiotropy that measures the degree to which a gene performs the same biological process in 
males and females (between-sex pleiotropy) suggested otherwise. 4) Another explanation for the 
accelerated evolution of male-biased genes is that they are under stronger selection. Using a 
mutation-accumulation experiment, which uniquely applied a male-limited sexual selection 
treatment, I assessed this possibility and also explored whether such sex-specific selection was 
beneficial to both sexes. Although I did not find any indication that selection was stronger on 
males than females (this may have been due to how fitness was measured), it was interesting to 
find that sexual selection strengthened the between-sex genetic correlation for fitness, a 
suggestion that sexual selection primarily purged sexually discordant, rather than concordant, 
deleterious mutations. 
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Chapter 1 – General Introduction 
 
“If not for sex, much of what is flamboyant and beautiful in nature 
would not exist. Plants would not bloom. Birds would not sing. Deer 
would not sprout antlers. Hearts would not beat so fast.” (Judson 
2002). 
 
Sexual reproduction is an ancient biological process, estimated to be approximately 1.2 billion 
years old (Butterfield 2000). At its most basic level, sex reproduction refers to the mixing of 
genomes between two individuals that produces a new genome distinct from its parents (Stearns 
1987). In most animal species, sexual reproduction, and in particular sexual selection, has 
resulted in the evolution of two sex, females characterised as producing larger gametes (eggs) 
and males producing smaller gametes (sperm) (Hoekstra 1987). 
 
This gametic distinction between the sexes, technically known as anisogamy, creates different 
selection pressures on males and females (Parker et al. 1972; Scharer et al. 2012). For example, 
females are typically selected for a slower reproductive rate because egg production is relatively 
costly, whereas males are selected for a faster reproduction rate as sperm production is far less 
metabolically costly on a per gamete basis (Andersson 1994; Arnqvist and Rowe 2005; Kokko et 
al. 2006). Such a situation, where males and females are under different selection pressures for a 
shared trait, is often referred to as sex-specific selection. Although sex-specific selection can 
arise through natural selection, for example when males and females occupy different ecological 
niches (Shine 1989) or compete for a shared resource (De Lisle et al. 2015), sex-specific 
selection is most commonly attributed to sexual selection (Darwin 1874; Andersson 1994; 
Kokko et al. 2006), where for example males compete with one another for mating privileges 
with females. 
 
When sex-specific selection favours opposing trait values in males and females, it can generate a 
form of sexual conflict (Parker et al. 1979; Rice 1992; Chippindale et al. 2001; Bonduriansky 
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and Chenoweth 2009; Cox and Calsbeek 2009; Connallon et al. 2010), that is ultimately resolved 
through the evolution of sexual dimorphism (Hedrick and Temeles 1989; Bonduriansky and 
Chenoweth 2009). For example, sexual selection on a suite of cuticular hydrocarbons in 
Drosophila serrata increased the degree of sexual dimorphism (Chenoweth et al. 2008) and 
similarly, when selection was reduced on female Drosophila melanogaster but freely allowed to 
operate on males (male-limited selection), several traits evolved to be more masculine (Prasad et 
al. 2007; Abbott et al. 2010). However, while such male-limited selection did cause some traits 
to become more masculine, the increase in sexual dimorphism was not statistically significant 
(Prasad et al. 2007; Abbott et al. 2010). This suggests that there may be evolutionary constraints 
on the speed and degree to which sexual dimorphism can evolve. 
 
One such constraint to the evolution of sexual dimorphism may stem from the fact that males and 
females share a genome. For example, selection for increased flower size in only male Silene 
latifolia resulted in increased flower size in both sexes despite the lack of selection on flower 
size in females (Delph et al. 2004). This likely occurred because the sexes share most of their 
genomes and therefore they likely share many of the same genes that affect flower size. When 
this occurs, it is difficult for one sex to evolve independently of the other and even if selection is 
operating on one sex only, a correlated response occurs in the other sex. The degree to which a 
shared trait is affected by the same genes in males and females can be quantified by the between-
sex genetic correlation (r(m,f)) (Lande 1980; Lande 1987). Large values of r(m,f) indicate that the 
genetic basis of a trait is common between the sexes whereas low values indicate that the genetic 
basis is largely different in each sex. If the shared genome is a constraint to the independent 
evolution of males and females, then a negative relationship between the magnitude of sexual 
dimorphism and r(m,f) is expected (Bonduriansky and Rowe 2003). Support for this hypothesis 
has been tentatively provided in a large survey of r(m,f) and sexual dimorphism that spanned 
morphology, behavior, development, physiology, and fitness component, and contained several 
plant and numerous animal species (Poissant et al. 2010). While a negative relationship between 
r(m,f) and sexual dimorphism was observed, indicating that there is likely a constraint on the 
evolution of sexual dimorphism caused by a common genome, this relationship was rather weak, 
suggesting that the constraint may be difficult to overcome or that perhaps reductions in r(m,f) are 
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temporary. Indeed, the between-sex genetic correlation for the majority of traits was positive and 
strong, which leaves little potential for the independent evolution of male and females. 
 
A potential mechanism by which the evolution of sexual dimorphism may occurr while 
overcoming the shared genome as a constraint, is sex-biased gene expression (SBGE) (Ellegren 
and Parsch 2007; Parsch and Ellegren 2013; Pennell and Morrow 2013). That is, differences in 
how males and females express each gene, be it when, where, and to what magnitude a gene is 
expressed in males and females (Connallon and Knowles 2005; Rinn and Snyder 2005; Ellegren 
and Parsch 2007), the expression of slightly different versions of the same gene (sex-specific 
alternate splice variants) (McIntyre et al. 2006; Telonis-Scott et al. 2009), or the silencing of the 
opposite-sex parents’ allele (genomic imprinting) (Day and Bonduriansky 2004). SBGE is a 
common feature of dioecious species (Ellegren and Parsch 2007; Parsch and Ellegren 2013; 
Ingleby et al. 2015) that may begin very early in development (Lowe et al. 2015) and is 
somewhat condition dependent, that is, sexual dimorphism is less pronounced when 
environmental conditions are poor (Wyman et al. 2010). SBGE is most prominent in gonad 
tissue (Parisi et al. 2004; Ellegren and Parsch 2007) but is also found in most somatic tissues 
(Yang et al. 2006; Mank et al. 2008a). The reason SBGE is a prime candidate for the evolution 
of sexual dimorphism is because it essentially enables the shared genome to function differently 
in males and females. An extreme case of sexual dimorphism that illustrates this point, where the 
trait is present in one sex only (sex-limited), was the finding that sex-biased expression of several 
genes is responsible for male-limited cuticle pigmentation in D. melanogaster (Williams and 
Carroll 2009).  Furthermore, transcriptional regulation may evolve rapidly (Ellegren and Parsch 
2007; Hollis et al. 2014) relative to mechanisms such as gene duplication followed by sex-
limited expression (Baur et al. 2008; Wyman et al. 2012), and genomic imprinting (Day and 
Bonduriansky 2004; Patten and Haig 2008), which likely require complex mutations (Stewart et 
al. 2010). During my PhD candidature, I studied several aspects of the evolution of sex-biased 
gene expression in the Australian vinegar fly Drosophila serrata. 
 
In order to study sex-biased gene expression, I developed an extensive gene expression data set 
for male and female D. serrata (Figure 1), a fruit fly endemic to Australia and Papua New 
Guinea (Dobzhansky and Mather 1961). Although morphologically similar, D. serrata diverged 
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from the well-known vinegar fly D. melanogaster ~40 million years ago (Tamura et al. 2004) 
and has been used a model species to study evolutionary variation among populations for over 
half a century (Ayala 1965), genetic variation for over 20 years (Blows 1993; Blows and 
Hoffman 1993), and is fast becoming a model species for quantitative genetic studies of sexual 
dimorphism, and sex-specific selection (Chenoweth and Blows 2003, 2005; Chenoweth et al. 
2008; McGuigan et al. 2011; Gosden et al. 2012; Gershman et al. 2014; Gosden and Chenoweth 
2014; Yassin et al. 2016). The sex-specific gene expression data set was produced using a 
custom species-specific microarray. To develop the microarray, I utilised several expressed 
sequence tag (EST) libraries (Frentiu et al. 2009) that were derived from larval and adult RNA of 
both sexes and provided an original set of over 100,000 ESTs. I reduced the original set of ESTs 
to a unique gene set representing 11,631 genes via bioinformatic comparison to the genomes, 
gene sequences, coding sequences, and transcript sequences of 12 other Drosophila species 
(McQuilton et al. 2012a). 
 
 
Figure 1.1; Female Drosophila serrata. A fruit fly species endemic to Australia and Papua New 
Guinea. Photographer Antoine Morin, Biology Department, University of Ottawa.  
With this microarray, I measured sex-specific gene expression from a previously developed 
panel of 43 wild-derived inbred lines, built a sex-specific gene expression atlas consisting of nine 
tissues (head, thorax, abdomen, ovaries, testes, and accessory glands), and measured sex-specific 
gene expression of eight natural populations spanning the east coast of Australia. While I 
summarise my four empirical chapters below, here I briefly outline the four main hypotheses 
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tested throughout my thesis. 1) A nonrandom chromosomal distribution of sex-biased genes is a 
common observation (Meiklejohn et al. 2003; Parisi et al. 2003; Ranz et al. 2003; Ellegren and 
Parsch 2007; Meisel et al. 2012a), I assessed the possibility that a nonrandom distribution of sex-
biased genes in D. serrata is a by-product of dosage compensation (Ellegren and Parsch 2007; 
Prince et al. 2010). 2) While strikingly consistent patterns of divergence between species for sex-
biased genes are evident (such as the rapid evolution of male-biased genes) (Ellegren and Parsch 
2007), I ask whether the same patterns occur for divergence among populations within species, 
and further, using several populations spanning a large latitudinal cline, I infer the mode of sex-
specific selection as clinal or non-clinal and hypothesise that the difference is influenced by 
natural and sexual selection, respectively. 3) I assess the magnitude of constraint to the evolution 
of sex-biased gene expression caused by tissue specificity of expression (between-trait 
pleiotropy) (Mank et al. 2008b) and the between-sex genetic correlation (r(m,f), between-sex 
pleiotropy) (Lande 1980; Lande 1987; Griffin et al. 2013) on sex-biased genes to see if a weaker 
constraint on male-biased genes can help explain the accelerated divergence. 4) Using a 
mutation-accumulation experiment, which uniquely applied a male-limited sexual selection 
treatment (McGuigan et al. 2011), I explored whether such sex-specific selection was beneficial 
to both sexes and related the observations to what I had learnt about sex-biased gene expression 
in this species. 
1.1 The genomic distribution of sex-biased genes in Drosophila serrata: X chromosome 
demasculinisation, feminisation, and hyperexpression in both sexes 
One intriguing pattern that has emerged from studies of the gene expression in dioecious species, 
is that sex-biased genes tend to have a non-random genomic distribution. For example, in D. 
melanogaster there are fewer genes with male-biased expression residing on the X-chromosome 
than expected by chance, which may be accompanied by an excess of female-biased genes 
(Parisi et al. 2003; Sturgill et al. 2007; Mikhaylova and Nurminsky 2011; Meisel et al. 2012a). In 
mice and humans the situation is reversed, an excess of male-biased X-linked genes is found 
and/or a deficit of female-biased genes (Wang et al. 2001; Lercher et al. 2003; Yang et al. 2006). 
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There are currently two broad classes of hypothesis used to explain the nonrandom distribution 
of sex-biased genes (Ellegren and Parsch 2007), which I will briefly address here. First, there are 
reasons to believe that the X chromosome may be a maladaptive location for genes with male-
specific functions and in some cases a favoured location for genes with female-specific functions 
(Parisi et al. 2003; Gupta et al. 2006; Sturgill et al. 2007). As a consequence, the X chromosome 
may evolve to become “demasculinised” or “feminised” (Connallon and Clark 2011b; Gallach 
and Betran 2011). Second, a statistical deficit of male-biased X-linked genes can occur when the 
X and autosomes simply differ in chromosome-wide expression levels such as insufficient 
dosage compensation or hyper-expression (Prince et al. 2010; Meiklejohn and Presgraves 2012). 
 
Similar to other Drosophila species (Meiklejohn et al. 2003; Parisi et al. 2003; Meisel et al. 
2012a), I found fewer male-specific and more female-specific X-linked genes in D. serrata, 
which was taken as a suggestion that selection may have played a part in the non-random 
chromosomal distribution. However, I also found that females hyper-express their X-linked 
genes to levels greater than autosomal genes, which may exaggerate the observed non-random 
distribution irrespective of selection. Assuming that the dosage compensation mechanism in 
males is responsible for hyper-expression in females (Zhang and Oliver 2010), this finding 
provides at least partial support for the hypothesis that dosage compensation, in addition to 
selective pressures, may be playing a considerable part in the non-random genomic distribution 
of sex-biased genes in D. serrata. 
1.2 Sex-biased transcriptome divergence along a latitudinal gradient 
Comparisons between Drosophila species often reveal that sex-biased genes evolve faster in 
coding sequence (Zhang et al. 2004; Ellegren and Parsch 2007; Assis et al. 2012; Parsch and 
Ellegren 2013) and expression (Meiklejohn et al. 2003; Ellegren and Parsch 2007; Assis et al. 
2012; Llopart 2012), male-biased genes in particular. Furthermore, it also appears as though X-
linked male-biased genes evolve the fastest of all, an observation coined the “faster-X effect” 
(Rice 1984; Charlesworth et al. 1987; Betancourt et al. 2002; Lu and Wu 2005; Nielsen et al. 
2005; Meisel and Connallon 2013). While the consistency of these interspecific patterns suggests 
common sex-specific selection pressures, it is less clear whether the same is true among 
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populations within species (Meiklejohn et al. 2003; Hutter et al. 2008; Muller et al. 2011; Zhao 
et al. 2015). 
 
In Chapter 3 I assessed the degree to which patterns observed at the interspecific level are 
reflected at the intraspecific level. Furthermore, the experimental design allowed me to infer the 
modes of expression divergence (clinal versus population-specific) providing possible insights 
into the roles of abiotic natural vs sexual selection. Lastly, divergence in D. serrata males was 
compared to recently published divergence in D. melanogaster and D. simulans males (Zhao et 
al. 2015) to look for signals of parallel divergence in gene expression. I found that divergence 
was far stronger in males and that male-biased genes were the most divergent regardless of sex in 
which they were being measured. Furthermore, divergence in males was more often population-
specific rather than related linearly with latitude, a suggesting that localised sex-specific 
selection pressures (Connallon 2015), perhaps spatial differences in sexual selection 
(Kwiatkowski and Sullivan 2002; Moller et al. 2006; Gosden and Svensson 2008; Rundle et al. 
2008; Parker et al. 2011), play a bigger role in divergence for males than females. Divergence 
also appeared correlated between the sexes, perhaps due to a shared genome (Lande 1980; Lande 
1987). Lastly, many genes that diverged in D. serrata males have orthologs that diverged in D. 
melanogaster and/or D. simulans indicating parallel latitudinal divergence and strengthening the 
inference of adaptive divergence.  
1.3 Genetic constraints on the evolution of sex-biased gene expression within and among natural 
populations; are male-biased genes less constrained by pleiotropy? 
As outlined above, expression of sex-biased genes, and in particular male-biased genes, are often 
observed to evolve at an increased rate, an observation I made among D. serrata populations in 
Chapter 3. In Chapter 4 I aimed to assess several unexplored explanations for the accelerated 
evolution of male-biased genes. First, that there is more genetic variance for the expression of 
male-biased genes and therefore greater evolutionary potential (Fisher 1932). Second, that male-
biased genes are less constrained by between-trait pleiotropy (the degree to which a single gene 
affects multiple traits) (Fisher 1930; Mank et al. 2008b; Blows and Walsh 2009; Assis et al. 
2012; Innocenti and Chenoweth 2013; McGuigan et al. 2014) and/or less constrained by the fact 
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that males and females share a genome (between-sex pleiotropy measured as the between-sex 
genetic correlation for expression, r(m,f)) (Lande 1980; Lande 1987; Griffin et al. 2013). In 
addition, by integrating r(m,f) estimates with clinal divergence data, I also test the hypothesis 
raised in Chapter 3, that correlated divergence in males and females, which resulted in an 
apparent lack of sex-specific divergence, was possibly due to the shared genome constraining the 
independent divergence of males and females. 
 
The panel of 43 wild-derived inbred lines mentioned earlier, which originated in Brisbane, 
Queensland, Australia (BrisILs), provided me with the quantitative genetic framework necessary 
to measure the amount of genetic variance in expression for both males and females. In addition, 
the BrisILs and the sex-specific gene expression atlas (previously introduced) allowed me to 
measure between-sex pleiotropy (r(m,f)) (Lande 1980; Lande 1987) and between-trait pleiotropy 
as tissue specificity (t) (McShea 2000; Yanai et al. 2005; Mank et al. 2008b), respectively. 
While I found that male-biased genes did in fact have more genetic variance and a weaker 
constraint due t, both of which can help explain the faster evolution of male-biased genes, the 
contrary was found for r(m,f) where a negative correlation between SBGE and r(m,f) was found for 
male-biased gene but not female-biased genes. Lastly, r(m,f) and t also appear to constrain sex-
specific divergence and therefore changes in sex-bias between populations, which may account 
for the lack of sex-specific divergence observed in Chapter 3. 
1.4 Sexual selection on spontaneous mutations strengthens the between-sex genetic correlation 
for fitness 
Another explanation for accelerated evolution of male-biased genes, assuming male-biased genes 
are more important for male fitness than female fitness (Connallon and Clark 2011a), is stronger 
selection on males. To date, two experiments that I am aware of have attempted to directly 
estimate selection on gene expression using D. melanogaster. While both successfully associated 
gene expression with fitness, the first did not assess sex-specific fitness (Ayroles et al. 2009) and 
the second did not contrast the strength of selection between the sexes (Innocenti and Morrow 
2010), therefore, whether selection on gene expression typically differs between the sexes 
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remains unknown. Another approach that has been used to assess the strength of sex-specific 
selection overall (not specifically on gene expression although it will play a part), is examination 
of sex-specific inbreeding depression. For instance, males have been found to suffer a greater 
reduction in fitness due to inbreeding depression than females for a range of fitness related traits 
in D. melanogaster (Miller and Hedrick 1993; Enders and Nunney 2010). However, while there 
is a trend towards greater inbreeding depression in males across a wide range of taxa, the results 
appear dependent on species and/or component of fitness examined (Ebel and Phillips 2016).  
 
An alternative approach to assessing the strength of sex-specific selection is with the use of 
mutation accumulation experiments (Agrawal 2011). I fortunately had access to a mutation 
accumulation (MA) experiment that had uniquely applied a sexual selection treatment, which 
allowed me to assess whether selection in general and/or sexual selection are stronger on male D. 
serrata. For the limited-selection (LS) treatment, mutations accumulated under a standard 
mutation accumulation design (Halligan and Keightley 2009). In the sexual selection (SS) 
treatment, females within an MA line were allowed to select a mate from four of her full-sib 
brothers (McGuigan et al. 2011). If overall selection is stronger on males, it was expected that 
males in the LS group would suffer a greater fitness reduction than females of the LS group, such 
has been observed in D. melanogaster (Mallet et al. 2011; Sharp and Agrawal 2013). In contrast, 
if sexual selection is stronger on males, I expected to see a smaller reduction in males from the 
SS group relative to males from the LS group due to sexual selection purging deleterious 
mutations, and for this difference between groups to be greatest for males compared to females. 
The results were somewhat surprising. The reduction in fitness did not differ between the sexes 
in either treatment nor was there a difference in the fitness reduction between treatments. 
Similarly, no differences in mutational genetic variance were found. I suspect these odd results 
may have been a consequence of the fitness assay used, which likely allowed male harm to occur 
in the male-assay. Because mutation accumulation lowed male harm, this likely dampened the 
apparent fitness reduction in males relative to the ancestor.  
 
This experiment also allowed me to assess whether sexual selection, which acts primarily on 
males of most species including D. serrata, purges mutations that affect both sexes, and 
therefore provides maximum benefit, or is it detrimental due to selection for sexually 
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antagonistic mutations that are male-benefit/female-detriment. What I found was quite 
interesting, under SS the mutational between-sex genetic correlation (rM(m,f),) was noticeably 
stronger than under LS, an indication that SS caused considerably more sexually concordant 
mutations to accumulate. While this was a puzzling result at first, theoretical simulations helped 
reveal that sexual selection may be purging sexually discordant genes, perhaps mutations that 
affect males but not female, while simultaneously allowing sexually concordant mutations to 
accumulate. 
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Chapter 2 – The genomic distribution of sex-biased genes in Drosophila serrata: X 
chromosome demasculinisation, feminisation, and hyperexpression in both sexes 
Published as; Allen, S. L., R. Bonduriansky, and S. F. Chenoweth. 2013. The genomic 
distribution of sex-biased genes in Drosophila serrata: X chromosome demasculinization, 
feminization, and hyperexpression in both sexes. Genome Biology and Evolution 5:1986-1994. 
2.1 Abstract 
The chromosomal distribution of genes with sex-biased expression is often nonrandom, and in 
species with XY sex chromosome systems, it is common to observe a deficit of X-linked male-
biased genes and an excess of X-linked female-biased genes. One explanation for this pattern is 
that sex-specific selection has shaped the gene content of the X. Alternatively, the deficit of 
male-biased and excess of female-biased genes could be an artefact of differences between the 
sexes in the global expression level of their X chromosome(s), perhaps brought about by a lack 
of dosage compensation in males and/or hyperexpression in females. In the montium fruit fly, 
Drosophila serrata, both these explanations can account for a deficit of male-biased and excess 
of female-biased X-linked genes. Using genome-wide expression data from multiple male and 
female tissues (n=176 hybridisations), I found that testis- and accessory gland-specific genes are 
underrepresented whereas female ovary-specific genes are overrepresented on the X 
chromosome, suggesting that X-linkage is disfavoured for male function genes but favoured for 
female function genes. However, genes with such sex-specific functions did not fully account for 
the deficit of male-biased and excess of female-biased X-linked genes. I did, however, observe 
sex differences in the global expression level of the X chromosome and autosomes. Surprisingly, 
and in contrast to other species where a lack of dosage compensation in males is responsible, I 
found that hyperexpression of X-linked genes in both sexes leads to this imbalance in D. serrata. 
My results highlight how common genomic distributions of sex-biased genes, even among 
closely related species, may arise via quite different evolutionary processes. 
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2.2 Introduction 
An intriguing feature of genes with sex-biased expression is their apparent nonrandom 
chromosomal distribution. For example, the X chromosomes of several Drosophila species 
exhibit a striking paucity of male-biased and an excess of female-biased genes (Parisi et al. 2003; 
Sturgill et al. 2007; Mikhaylova and Nurminsky 2011; Meisel et al. 2012a), whereas in mice and 
humans, the X chromosome harbours an excess of certain male-biased genes (Wang et al. 2001; 
Lercher et al. 2003; Yang et al. 2006). Two broad classes of explanation have been proposed to 
explain these genomic patterns. On one hand, chromosome-wide differences in the expression of 
X-linked and autosomal genes may create apparent differences in the distribution of sex-biased 
genes on these chromosomes. Alternatively, the gene content on the X and the autosomes may 
have been shaped by a history of sex-specific selection. 
 
Hypotheses featuring sex-specific selection suggest that the X chromosome is often a 
maladaptive location for genes with male-specific functions and in some cases a favoured 
location for genes with female-specific functions (Parisi et al. 2003; Gupta et al. 2006; Sturgill et 
al. 2007). As a consequence, the X chromosome becomes “demasculinised” or “feminised” 
through mechanisms such as compensatory gene duplication or translocation between the X and 
autosomes or changes in sex-biased expression (Connallon and Clark 2011b; Gallach and Betran 
2011). At least three major sources of sex-specific selection have been identified. First, for 
mutations with sexually antagonistic fitness effects, depending on the degree of dominance and 
the direction and magnitude of opposing selection coefficients in males and females, selection 
can either favour X-linkage of female-benefit alleles or disfavour X-linkage of male-benefit 
alleles (Rice 1984). Second, and specific to the case of X chromosome demasculinisation, 
selection may act against X-linkage of testis-specific genes due to male meiotic sex chromosome 
inactivation (MSCI) (Betran et al. 2002; Khil et al. 2004; Hense et al. 2007). Although selection 
to escape the effects of X chromosome inactivation during spermatogenesis can possibly explain 
the lack of X-linked testis-specific male-biased genes, the hypothesis cannot explain the 
observed lack of other types of male- biased genes on the X in Drosophila melanogaster (Parisi 
et al. 2003; Sturgill et al. 2007; Meiklejohn et al. 2011). A third source of sex-specific selection 
can arise due to insufficient dosage compensation in males. Here, the mechanism that balances 
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expression between X-linked and autosomal genes in males (Ohno 1967), which are 
heterogametic in XY systems, fails to express male-biased genes at an optimally high level, 
making the X chromosome a maladaptive location for such genes (Vicoso and Charlesworth 
2006; Bachtrog et al. 2010; Meisel et al. 2012a). 
 
Rather than reflecting differences in evolved gene content, a statistical deficit of male-biased X-
linked genes can occur when the X and autosomes simply differ in chromosome-wide expression 
levels (Prince et al. 2010; Meiklejohn and Presgraves 2012). For example, in D. melanogaster, 
although dosage compensation certainly operates in somatic tissue (Gupta et al. 2006; Sturgill et 
al. 2007; Meiklejohn and Presgraves 2012), it may not occur in the testes (Meiklejohn et al. 
2011). Indeed, when the average 1.5-fold lower expression of X-linked genes in testes is 
accounted for, a previously observed underrepresentation of male-biased genes on the X 
chromosome was no longer found for this tissue (Meiklejohn and Presgraves 2012). Moreover, 
studies of ZW sex chromosome systems in birds suggest that a lack of complete dosage 
compensation in somatic tissue (Ellegren et al. 2007; Mank and Ellegren 2009) may explain the 
excess of male-biased Z-linked genes in these species (Ellegren et al. 2007). Interestingly, the 
differences between X and autosomal global expression levels need not be due to inadequate 
dosage compensation in the heterogametic sex; in the flour beetle, Tribolium castaneum, both 
sexes hyperexpress the X chromosome (Prince et al. 2010). In this case, hyperexpression in 
females may provide an explanation for not only the deficit of male-biased X-linked genes but 
also the excess of female-biased X-linked genes. 
 
Although the nonrandom genomic distributions of sex-biased genes seen across multiple species 
and sex chromosome systems suggest a role for varied forms of sex-specific selection, some of 
the patterns may also be accounted for by differences in global expression level between 
chromosomes. It remains evident that as new genomes are studied, novel phenomena are 
uncovered, which expose variation in the specific assumptions underlying some of these 
hypotheses (Prince et al. 2010). Thus, further studies of sex-biased expression in additional taxa 
are required (Kaiser and Bachtrog 2010; Meiklejohn and Presgraves 2012). For this reason, I 
analyzed the genomic distribution of sex-biased genes in D. serrata, a member of the highly 
diverse but less-studied montium subgroup, which diverged from the group containing D. 
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melanogaster approximately 40 Mya (Tamura et al. 2004). Using a custom microarray platform 
and assaying samples derived from multiple tissues in both sexes, I show a significant deficit of 
male-biased and excess of female-biased genes on the X chromosome. The pattern appears not 
only consistent with sex-specific selection but surprisingly, global expression differences due to 
hyperexpression of the X chromosome in both sexes. 
2.3 Materials and Methods 
2.3.1 Microarray and Experimental Design 
A custom NimbleGen 12x135K microarray designed from D. serrata expressed sequence tags 
(ESTs) (Frentiu et al. 2009) was used to measure expression of 11,631 ESTs. Probe sequence 
design and layout of the microarray was performed by Roche-NimbleGen who used my set of 
11,666 unique Expressed Sequence Tags (ESTs). Five probes per EST were successfully 
designed for 11,631 ESTs, and each probe was replicated twice per array. The EST set provided 
to Roche-NimbleGen was constructed from a combination of Sanger (Frentiu et al. 2009) and 
Illumina RNA-Seq derived-ESTs. The EST sequences used for microarray design purposes 
(length ≥ 200bp, n=11,383, are available in the Genbank Transcriptome Shotgun Archive 
(GAHN00000000.1 at SRA070539) and are a larger set than those originally reported from D. 
serrata (Frentiu et al. 2009). The 283 EST sequences that were shorter than 200bp (180bp) and 
could not be deposited in the TSA are available directly from the authors upon request. 
 
In order to maximise EST discovery, the samples used for EST sequencing were derived from 
RNA extracted at multiple life stages (larvae and adults aged 0-4 days) of both sexes (Frentiu et 
al. 2009). The two multi-fasta files (Sanger and Illumina) were combined and then contigs were 
assembled using the default specifications of Cap3® (Huang and Madan 1999) (version 
12/21/07). This was followed by a comparison to a custom reference database consisting of 
coding, gene and transcript sequences of 12 Drosophila species (McQuilton et al. 2012a) via 
BLAST (Altschul et al. 1990). If more than one EST hit the same reference gene the EST with 
the lowest e-value was kept. It was possible for two or more ESTs to hit a common ortholog in 
15 
 
different species. Therefore to avoid repeatedly measuring expression of the same gene via 
multiple probe sets, I identified and removed such orthologs by mapping the FlyBase gene IDs to 
ortholog gene IDs obtained from the OrthoDB website (Kriventseva et al. 2008a) via an in-house 
Perl script. When orthologs were identified the EST with the longest BLAST hit length was 
retained. Thus, in the final EST set, each gene/ortholog was represented by a single unique EST. 
In addition, all known transposable elements and mitochondrial genes in D. melanogaster 
(McQuilton et al. 2012a) were identified via BLAST and removed from the EST set. 
 
A panel of 43 wild-derived inbred lines of D. serrata from a single population (St Lucia, 
Brisbane, Australia) were used for the whole-body samples (n = 2 hybridizations per sex for each 
line for a total of 168), and a laboratory stock from the same location was used to obtain samples 
of several body parts: head (n = 4 per sex), thorax (female n = 3; male n = 4), gonadectomised 
abdomen (n = 4 per sex), ovaries (n = 3), testes (n = 4), and accessory glands (n = 4); all replicate 
hybridisations are biological replicates from independent RNA extractions of different groups of 
flies. RNA samples were randomly allocated to microarray slides and sectors. Flies were reared 
in 50 ml holding vials containing standard yeast medium and maintained at 25°C with a 12-h 
day/night cycle. Offspring were collected as virgins with the use of light CO2 anaesthesia and 
held for 3 days in same-sex groups of five flies. Two replicate pools of 30 flies per line per sex 
and four replicate pools of 100 flies for the whole-body and tissue samples, respectively, were 
snap- frozen in liquid nitrogen, without the use of CO2 anaesthesia. RNA extractions were 
performed by using the Trizol procedure followed by RNA isolation using RNeasy minikits. 
cDNA synthesis, labeling, hybridization, and microarray scanning were performed by the Centre 
for Genomics and Bioinformatics, Bloomington, IN. Quality control of the array data was 
performed via the BioConductor “oligo package” using probe level models (Gentleman et al. 
2004; Carvalho and Irizarry 2010; Draghici 2012) and the experimental metrics report provided 
by NimbleGen. For the whole-body samples, this reduced the data set from n = 168 to n = 142 
hybridizations, but no hybridizations were excluded for the tissue-specific samples (n = 34 
hybridizations). Expression measurements were normalized via a log2 transformation and 
summarized by taking the median of a probe set (Draghici 2012) where probe-level observations 
were the mean of the two replicates of that probe on the array. The expression data have been 
submitted to the NCBI Gene Expression Omnibus (GSE45801). 
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2.3.2 Genomic Location of Sex-Biased Genes 
Genes were tested for sex-biased expression using Welch’s t-tests and applying a false discovery 
rate (FDR) of 0.05 (Benjamini and Hochberg 1995). The chromosomal location of ESTs was 
established based on homology with D. melanogaster. As observed among other Drosophila 
species (Bhutkar et al. 2008), there is strong chromosome level conservation of orthologous 
genes between D. serrata and D. melanogaster (Stocker et al. 2012). Stand-alone Blast (version 
2.2.27+) was used to perform tBLASTx (default settings) between my EST sequences and D. 
melanogaster chromosome, coding, gene, transcript, and pseudogene sequences obtained from 
FlyBase. Genes associated with chromosomes 2 (4,323 genes, 37%), 3 (4,938 genes, 43%), and 
X (1,706 genes, 15%) were used in the analysis; these chromosomes accounted for 10,967 (95%) 
of the genes in my microarray. A further 547 (4.7%) of the genes in my array had poor-quality 
BLAST hits (e-value>0.1) and were therefore omitted from further analyses. 
2.3.3 Identification of Sex-Specific Genes via Tissue Specificity 
Due to intrinsic variability in microarray data, it is difficult to define genes as not expressed. To 
overcome this issue, I identified genes that are likely expressed exclusively in a single sex by 
using a sex-specific metric of tissue specificity: 
 𝜏 = 	 ∑ %& '(')*+,(-./&% ,  [1] 
where 𝐸1  is mean expression of tissue 𝑖 and 𝐸345 is the maximum of the tissue-specific mean 
expression across all tissues (Yanai et al. 2005). This metric ranges from 0, for genes expressed 
at the same level in all tissues, to 1, for genes that are highly expressed in one tissue only, and 
has previously been used to classify genes as sex-limited if expression was highly biased toward 
sex-limited tissues such as the ovaries and testes (Meiklejohn and Presgraves 2012; Meisel et al. 
2012a). I calculated 𝜏 using measures of gene expression for nine different tissue types (male- 
and female-only dissections of head, thorax, and abdomen, plus ovaries in females, and testes 
and accessory glands in males). Using a stringent 𝜏 threshold of 0.9, genes were classified as 
sex-limited if expression was highly biased for any of the sex-limited tissues or, for example, 
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head of females only. Likewise, genes were classified as co-expressed in both sexes if they fell 
below the 𝜏 threshold. 
2.3.4 Statistical Analyses 
To test whether sex-biased genes were distributed nonrandomly across chromosomes, I used 
permutation tests where the chromosomal location of each gene was permuted 1,000 times 
(Meisel et al. 2012a). The number of sex-biased genes per chromosome was deemed to not differ 
from random if more than 5% of the permuted estimates were greater/less than the observed 
value. The same permutation approach was used to assess demasculinisation and feminisation of 
the X chromosome by testing whether the chromosomal distribution of testis-, accessory gland-, 
abdomen-, and ovary-specific genes was nonrandom. To test for differences in global expression 
between the X chromosome and autosomal genes, Mann–Whitney tests were performed on 
males and females separately (Meisel et al. 2012a). Mann–Whitney tests were further performed 
on sex-specific and co-expressed subsets of the male and female data to determine whether 
observed X–autosome expression differences were specific to one or both of these gene classes. 
2.4 Results and Discussion 
A total of 10,867 genes (93.4% of genes on the array) were sex-biased in the whole-body 
samples (Welch’s two-sample t-test; t(40–81) FDR < 0.05; figure 2.1A), 5,031 were female-biased, 
5,836 were male-biased, and the remaining 749 were classified as unbiased. To account for the 
possibility that the genome of an inbred line and/or an interaction between line and sex could 
affect the detection of sex-biased genes, I also ran mixed effects analyses of variance (ANOVAs) 
where sex was fitted as a fixed effect and line and the sex × line interaction were random effects. 
Because the results were very similar (10,862 were sex-biased in both analyses, 5 were unique to 
Welch’s t-test, and 116 were unique to ANOVA), I report only Welch’s t-test results. In the 
tissue-specific samples, most sex-biased genes were expressed in the male and female 
reproductive tissues. Many sex-biased genes were restricted to the gonads (3,890 female-biased 
and 3,298 male-biased) (Welch’s two-sample t-test; t(2–5) FDR < 0.05; figure 2.1E) and 
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gonadectomised abdomen (2,447 female- biased and 3,181 male-biased) (Welch’s two-sample t-
test; t(3–6) FDR < 0.05; fig. 2.1D), which still contained numerous reproductive organs except for 
the accessory glands, testes, and ovaries. There were very few sex-biased genes in the 
nonreproductive tissues. Although sample sizes for these tissues were much smaller than for 
whole body, where I detected a large number of sex-biased genes, they were of similar size to the 
gonad and abdomen samples, where many sex-biased genes were also detected. For the head 
samples, only nine genes were sex-biased, five were female-biased, and four were male-biased 
(Welch’s two-sample t-test; t(3–6) FDR < 0.05; fig. 2.1B), and no sex-biased genes were identified 
in the thorax (Welch’s two-sample t-test; t(2-5) FDR > 0.5; fig. 2.1C). 
2.4.1 Demasculinisation and Feminisation of the X Chromosome 
The X chromosome contained fewer male-biased but more female-biased genes than expected by 
chance (1,000 permutations of chromosome location: P < 0.001; figure 2.2A and B). Permutation 
tests also indicated that three of the four autosomal chromosome arms had slightly more male-
biased genes than expected (2L, P = 0.004; 2R, P < 0.001; 3R, P = 0.027), and that chromosomes 
2L (P = 0.001) and 2R (P = 0.004) had slightly fewer female-biased genes than expected. The 
pattern of masculinisation and defeminisation of chromosome 2L has also been observed in D. 
melanogaster (Parisi et al. 2003; Meisel et al. 2012a). The number of sex- biased genes on 
chromosome 3L did not differ from the random expectation for either sex (males: P = 0.290; 
females: P = 0.278). Notably, I had unusually high power to detect sex differences in expression 
(as low as a fold change of 1.03) in whole bodies. As a complementary approach, I also assessed 
the genomic distribution of genes classified as sex-biased using the classic fold-change threshold 
of two, which is less likely to be influenced by large sample sizes. This subset of highly sex-
biased genes had a very similar genomic distribution to the full sample of genes (Appendix A1). 
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Figure 2.1; Sex-biased expression of 11,631 genes of D. serrata: (A) whole-body (n = 71 
hybridisations per sex), (B) head (nfemale = 4, nmale = 4), (C) thorax (nfemale = 3, nmale = 4), (D) 
gonadectomised abdomen (nfemale = 4, nmale = 4), (E) gonads (nfemale = 3, nmale = 4), and (F) 
whole-body excluding sex-limited genes (n = 71 per sex). Red represents female-biased genes, 
blue are male-biased genes, and black are unbiased genes (Welch’s t-test, FDR < 0.05). 
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Figure 2.2; The genomic distribution of sex-biased genes in D. serrata: (A) male-biased and (B) 
female-biased. The dotted line is the expected percentage of sex-biased genes per chromosome 
from 1,000 random permutations of the data; numbers above chromosome labels indicate the 
number of genes in each bar, and asterisk indicates probability that observed value does not 
differ from expected: ***P < 0.001, **P < 0.01, *P < 0.05. 
 
Using a metric of tissue specificity (𝜏 > threshold of 0.9) (Yanai et al. 2005; Meiklejohn and 
Presgraves 2012; Meisel et al. 2012a), I categorized 1,315 genes as sex-limited (88 female-
limited and 1,227 male-limited; table 1). Exclusion of genes categorized as sex-limited based on 
whole-body data removed only the most extremely sex-biased genes, supporting the idea that 
these genes are indeed expressed in one sex only (figure 2.1F). As expected, sex-limited genes 
were predominantly expressed in the gonads, including 77 (87.5%) of female-limited genes and 
1,147 (93.5%) of male-limited genes (table 2.1). 
 
A deficit of male function genes on the X chromosome may reflect a history of selection for 
demasculinisation (Parisi et al. 2003; Gupta et al. 2006; Sturgill et al. 2007). In support, I found 
deficits on the X chromosome of both testis-specific genes (P < 0.001 from 1,000 permutations; 
figure 2.3A) and accessory gland-specific genes (P < 0.001 from 1,000 permutations; figure 
2.3B). However, no bias in the genomic distribution of male-limited genes expressed in male 
abdomen was found (P > 0.05 from 1,000 permutations; figure 2.3C). Although these results 
share broad similarities with other Drosophila species and mosquitoes (Parisi et al. 2003; Sturgill 
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et al. 2007; Zhang et al. 2007; Mikhaylova and Nurminsky 2011; Meiklejohn and Presgraves 
2012; Meisel et al. 2012a), there were some key differences. In the mosquito Anopheles 
gambiae, there is an excess instead of a deficit of accessory gland-specific X-linked genes 
(Meiklejohn and Presgraves 2012). On the D. melanogaster X chromosome, there is a deficit of 
sperm proteome-specific genes (Meisel et al. 2012a) but not testis-specific genes in general 
(Meiklejohn and Presgraves 2012; Meisel et al. 2012a). Because I used conserved synteny 
between D. serrata and D. melanogaster (Stocker et al. 2012) to place genes on chromosomes, it 
is possible that genes which have transposed from the X chromosome to an autosome, a move 
which has occurred more than expected by chance for testis-specific genes in D. melanogaster 
(Betran et al. 2002; Han and Hahn 2012), were incorrectly assigned to the X chromosome in D. 
serrata. If this were the case, my finding of a deficit of testis-specific genes in D. serrata is 
conservative because I may have assigned autosomal genes to the X chromosome. The observed 
excess of female-biased genes on the X was also consistent with enrichment for female-specific 
functions. There was an excess of ovary-specific X-linked genes (P = 0.013 from 1,000 
permutations; figure 2.3D) but no deviation from random for X-linked female abdomen-specific 
genes (P > 0.05 from 1,000 permutations; figure 2.3E). Very few sex-limited genes were found 
in the head and thorax (table 2.1). 
 
Table 2.1; Number of Genes Categorised as sex-limited in D. serrata within each tissue (𝜏 < 
0.9). 
 Female-Limited Male-Limited 
Head 0 0 
Thorax 1 3 
Abdomen 10 7 
Gonads 77 1,147 
Accessory glands - 70 
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The deficit of testis-specific genes on the X chromosome of D. serrata could reflect avoidance of 
MSCI (Betran et al. 2002). However, this hypothesis cannot explain the lack of X-linked 
accessory gland-biased genes, which do not experience MSCI. Alternatively, genes that are 
highly biased toward expression in male-limited tissues may have as yet unknown pleiotropic 
effects in females. If such effects are sexually antagonistic, then X-linkage may be unfavoured 
by selection (Rice 1984). Reasons for the excess of ovary-specific genes on the X chromosome 
are less obvious, although sexual antagonism could also play a role. 
 
To examine the extent to which genes with sex-limited expression (which are likely targets of 
sex-specific selection) accounted for the genomic distribution of sex-biased genes in D. serrata, I 
excluded them and reanalysed the data. Following exclusion, the distribution of sex-biased genes 
remained nonrandom, and the deficit/excess of male-biased/female-biased genes on the X 
chromosome persisted (whole-body analysis excluding 1,315 genes: P < 0.001 from 1,000 
permutations) (Appendix A2) (see also Appendix A3 for a list of genes excluded). Although I 
cannot reject hypotheses incorporating sexual antagonism to explain the nonrandom distribution 
of sex-biased genes, a conflict which can be present even when genes are only moderately sex-
biased (Bonduriansky and Chenoweth 2009), my results suggest that factors additional to sex-
specific selection may have shaped the genomic distribution of sex-biased genes in D. serrata. 
2.4.2 Hyperexpression of Genes on the X Chromosome 
I also assessed whether the chromosomal distribution of sex-biased genes in D. serrata could be 
accounted for by differences in global expression between the X chromosome and autosomes 
(Prince et al. 2010; Meiklejohn et al. 2011; Meiklejohn and Presgraves 2012). I first examined all 
genes regardless of sex-specificity followed by both co-expressed and sex-specific genes. In 
males, there was no difference between the X chromosome and the autosomes (Mann–Whitney 
test: W(1,706, 9,261) = 7,826,733, P = 0.5441), suggesting that dosage compensation was functional 
and should not create the appearance of a deficit/excess of male-/female-biased X-linked genes. 
However, to my surprise, females expressed X-linked genes at a considerably higher level than 
autosomal genes (Mann–Whitney test: W(1,706, 9,261) = 8,949,732, P = 2.4e-18; figure 2.4). Because 
females are homogametic and males heterogametic, this finding could help explain the excess of 
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female-biased and deficit of male- biased X-linked genes still observed after accounting for other 
factors such as sex-specific gene function.  
 
 
Figure 2.3; The X chromosome of D. serrata is lacking in male-limited and enriched for female-
limited genes. Male-specific tissues are shown in blue and female-specific in red. The number of 
sex-specific genes per tissue is shown in table 1. The dotted line is the random expectation for 
the percentage of biased genes per chromosome estimated from 1,000 permutations; numbers 
above chromosome labels indicate the number of genes in each bar, and asterisk indicates 
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probablilty that observed value does not differ from expected: *** P < 0.001, ** P < 0.01, * P < 
0.05. 
 
 
 
Figure 2.4; Dosage compensation via hyperexpression in both sexes. (A) Boxplots showing mean 
expression of X-linked genes (red) and autosomal genes (blue) for males. Plots are shown for all 
genes on the microarray (All Genes) and subsets containing either genes expressed in both sexes 
(Co-expressed) or genes expressed in one sex only (sex-limited). P values are from Mann–
Whitney U tests comparing expression on the X chromosome versus the autosomes (see 
Materials and Methods). (B) As in (A) but for females. Numbers above chromosome labels 
indicate the number of genes. 
 
The same pattern was observed in the subset of genes that are co-expressed in both sexes (Mann–
Whitney test: males, W(1,547, 8,105) = 6,368,256, P = 0.3241; females, W(1,547, 8,105) = 6,989,116, P = 
7.6e-13). However, for sex-specific genes, female-specific X-linked genes no longer appeared to 
be significantly hyperexpressed (Mann–Whitney test: W(22, 66) = 827, P = 0.3328), whereas for 
male-specific genes, there was still no deviation from a 1:1 X:Autosome expression ratio (Mann–
Whitney test: W(137, 1,090) = 69,186, P = 0.1611). 
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Overexpression of X-linked genes in females presents the intriguing possibility that the apparent 
excess of female-biased genes on the D. serrata X may reflect differences in X–autosome global 
expression levels. My data are consistent with D. serrata male dosage compensation via 
hyperexpression of the X chromosome to a level that balances the expression of autosomal genes 
(figure 2.4A). Because females have two copies of X-linked genes, there is no need to 
hyperexpress these genes to achieve a balance with autosomal expression (Ohno 1967). 
However, it appears that females “overexpress” X-linked genes approximately 1.46-fold relative 
to autosomal genes (95% bootstrap confidence interval = 1.46–1.48, resampling n = 71 female 
samples with replacement 500 times) (figure 2.4B). This is below the theoretical 2-fold 
expression difference expected if hyperexpression was of equal strength in males and females. 
Although hyperexpression appears to occur in females of seven other Drosophila species (Gupta 
et al. 2006; Sturgill et al. 2007; Zhang and Oliver 2010), its magnitude appears to be 
considerably greater in D. serrata. To my knowledge, a similar level of X chromosome 
hyperexpression (in both sexes) has only been reported in the red flour beetle T. castaneum 
(Prince et al. 2010). 
 
Hyperexpression of the X chromosome in both sexes of D. serrata could have arisen through 
sex-specific selection. As the sex chromosomes evolve, the newly formed Y chromosome is 
expected to degenerate over time (Ohno 1967; Assis et al. 2012). Thus, selection may favor 
hyperexpression of X-linked genes in males to restore the balance with autosomal genes (Ohno 
1967). Because the sexes share a genome, selection for increased expression of X-linked genes in 
males could cause a correlated response in females (Lande 1980). Support for this idea was 
recently found in D. melanogaster where hyperexpression of the X chromosome in males 
requires expression of the dosage compensation complex and specific changes to chromatin 
structure (histone modifications) (Conrad and Akhtar 2011). Although the dosage compensation 
complex is primarily male-limited (Gladstein et al. 2010), changes to X chromosome structure 
that bring about hyperexpression in males also occur in females (Zhang and Oliver 2010). 
However, there is currently no evidence for such a scenario in D. serrata, my finding of 
hyperexpression in both sexes suggests that a similar mechanism involving X chromosome 
structure and/or the dosage compensation complex may be involved. As my microarray does not 
contain the dosage compensation complex, the latter could not be assessed. 
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Unlike mammals, where hyperexpression occurs in both sexes but females avoid overexpression 
through X chromosome inactivation (Pessia et al. 2012), counter selection on D. serrata females 
may not have been strong enough for such a mechanism to evolve, at least for genes that are co-
expressed in both sexes. For instance, the most dosage-sensitive genes are those involved in 
macromolecular complexes, transcription regulation, and signal transduction pathways, whereas 
over- or under-expression of “other classes” of genes may have limited fitness effects (Birchler 
2012). It is possible that genes co-expressed in both sexes of D. serrata are of this other class and 
so a mechanism to inhibit hyperexpression in females may not be needed. It is interesting, 
however, that female-limited X-linked genes do not appear significantly overexpressed. The lack 
of significance may also be a statistical power issue given the relatively small number of genes in 
this subset of the data. However, if dosage compensation in D. serrata is gene-specific rather 
than chromosome-wide, as in birds (Mank et al. 2008a; Itoh et al. 2010) and some insects (Kaiser 
and Bachtrog 2010), then overexpression of X- linked female-specific genes may never have 
occurred. In that case, there would have been no selection for increased expression of these 
genes in males and thus no correlated response in females. 
 
As a further test for chromosome-level expression differences between X-linked and autosomal 
genes, I investigated expression of ribosomal protein-encoding genes (Parisi et al. 2003; Prince 
et al. 2010). Although ribosomal proteins are assumed to be in 1:1 stoichiometry (Voynow and 
Kurland 1971; Hardy 1975), global chromosomal differences in expression would cause X-
linked ribosomal genes to be expressed at a higher level than autosomal genes. Consistent with 
this expectation, the overall pattern suggested higher X than autosomal expression, although the 
results did not quite reach statistical significance (females: Welch’s t(28.842) = -1.6342, P = 
0.0565; males: Welch’s t(25.549) = -1.4316, P = 0.08219; see Appendix A4 for genes tested), 
perhaps as a result of low power given the small number of genes (X: 14, autosomes: 63 genes) 
as was the case for T. castaneum (Prince et al. 2010). Further, given that many ribosomal 
proteins have extraribosomal functions (Lindstrom 2009; Bhavsar et al. 2010), the 1:1 
stoichiometry assumption may not always hold, and this may further weaken the power of such a 
test. 
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2.5 Conclusion 
Although previous studies have examined the extent to which sex-specific selection (Parisi et al. 
2003; Gupta et al. 2006; Sturgill et al. 2007) and/or global differences in expression between the 
X and the autosomes (Prince et al. 2010; Meiklejohn and Presgraves 2012) can account for 
patterns of X–autosome sex-biased gene expression, I could reject neither for D. serrata. I found 
evidence consistent with both demasculinisation and feminisation, which suggests a role for 
selective mechanisms, but also X chromosome hyperexpression in both sexes, which could 
create the statistical appearance of demasculinisation/feminisation. Although similar genomic 
patterns have been observed in many species for sex-biased genes, these patterns may not always 
share a common underlying cause. 
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Chapter 3 – Sex-biased transcriptome divergence along a latitudinal gradient 
Published as; Allen, S. L., R. Bonduriansky, C. M. Sgro, and S. F. Chenoweth. 2017. Sex-biased 
transcriptome divergence along a latitudinal gradient. Molecular Ecology 26:1256-1272. 
3.1 Abstract 
Sex-dependent gene expression is likely an important genomic mechanism that allows sex-
specific adaptation to environmental changes. Among Drosophila species, sex-biased genes 
display remarkably consistent evolutionary patterns; male-biased genes evolve faster than 
unbiased genes in both coding sequence and expression level, suggesting sex differences in 
selection through time. However, comparatively little is known of the evolutionary process 
shaping sex-biased expression within species. Latitudinal clines offer an opportunity to examine 
how changes in key ecological parameters also influence sex-specific selection and the evolution 
of sex-biased gene expression. I assayed male and female gene expression in Drosophila serrata 
along a latitudinal gradient in eastern Australia spanning most of its endemic distribution. 
Analysis of 11 631 genes across eight populations revealed strong sex differences in the 
frequency, mode and strength of divergence. Divergence was far stronger in males than females 
and while latitudinal clines were evident in both sexes, male divergence was often population 
specific, suggesting responses to localized selection pressures that do not covary predictably with 
latitude. While divergence was enriched for male-biased genes, there was no overrepresentation 
of X-linked genes in males. By contrast, X-linked divergence was elevated in females, especially 
for female-biased genes. Many genes that diverged in D. serrata have homologs also showing 
latitudinal divergence in Drosophila simulans and Drosophila melanogaster on other continents, 
likely indicating parallel adaptation in these distantly related species. My results suggest that sex 
differences in selection play an important role in shaping the evolution of gene expression over 
macro- and micro-ecological spatial scales. 
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3.2 Introduction 
At the interspecific level, sex-biased genes show some remarkably consistent evolutionary 
patterns (Ellegren and Parsch 2007). First, sex-biased (particularly male-biased) genes tend to 
diverge between species much faster than unbiased genes, both in terms of coding sequence 
(Zhang et al. 2004; Ellegren and Parsch 2007; Meisel 2011; Assis et al. 2012; Parsch and 
Ellegren 2013) and expression level (Meiklejohn et al. 2003; Ellegren and Parsch 2007; Assis et 
al. 2012); however, such observations may be species specific (Metta et al. 2006). It has been 
suggested that excessive divergence in male-biased genes is due to stronger and more variable 
selection on males (Connallon and Knowles 2005). Consistent with such an adaptive 
interpretation, the accelerated divergence of sex-biased genes is often accompanied by evidence 
for positive selection (Meiklejohn et al. 2003; Khaitovich et al. 2005; Nielsen et al. 2005; Zhang 
and Parsch 2005; Proschel et al. 2006). A second pattern seen in interspecific comparisons of 
sex-biased gene evolution is the ‘faster-X effect’ (Rice 1984; Charlesworth et al. 1987; 
Betancourt et al. 2002; Lu and Wu 2005; Nielsen et al. 2005; Meisel and Connallon 2013). Here, 
while there is a trend towards X- linked male-biased genes, which likely affect male fitness more 
than female fitness (Connallon and Clark 2011a), displaying stronger divergence in DNA 
sequence (Baines et al. 2008; Meisel 2011; Grath and Parsch 2012) than unbiased genes, 
evidence has been mixed (Meisel and Connallon 2013; Avila et al. 2014; Avila et al. 2015). 
Furthermore, while few studies have examined sex-specific divergence in gene expression, it 
also appears pronounced in male-biased genes (Llopart 2012; Meisel et al. 2012a) relative to X-
linked female-biased genes. 
 
The fact that these evolutionary patterns are consistent across multiple species and pervade both 
coding sequence and expression level variation suggests that long-term sex differences in fitness 
optima are significant factors influencing sex-biased gene evolution (Harrison et al. 2015). 
However, because the majority of these inferences have been drawn from interspecific 
comparisons, we do not know whether the same processes shape sex-biased expression 
divergence among populations within species. To date, the comparatively few intraspecific 
studies of sex-biased expression divergence – focusing on Drosophila – have produced mixed 
results. While relatively more male-biased genes (when expressed in males) diverged between 
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Drosophila melanogaster populations (Meiklejohn et al. 2003; Hutter et al. 2008; Zhao et al. 
2015), the results were not as clear when examining male-biased genes when they were 
expressed in females (Muller et al. 2011), a suggestion that differences in selection between the 
sexes may result in sex-specific divergence. Similarly, support for the ‘faster-X’ evolution of 
gene expression at the intraspecific level is also mixed 
(Hutter et al. 2008; Zhao et al. 2015). 
 
Latitudinal clines have a rich history in evolutionary genetics owing to the powerful inference 
framework they offer for deducing genetically based responses to spatially varying selection 
(Haldane 1948; Endler 1977). In Drosophila, latitudinal clines have been well documented for 
allele frequencies (Kolaczkowski et al. 2011; Reinhardt et al. 2014), life history traits (Schmidt 
et al. 2005; Arthur et al. 2008) and other quantitative traits (Hoffmann and Weeks 2007), and 
these patterns are thought to reflect the balance between local adaptation and migration (Adrion 
et al. 2015). Parallel divergence along clines between co-distributed species or between 
comparable clines within species strengthens the inference of adaptation (Endler 1986), and there 
are now many examples of parallel divergence along latitudinal clines on different continents for 
traits (Coyne and Beecham 1987; James et al. 1995; Azevedo et al. 1996; Huey et al. 2000; 
Zwaan et al. 2000; Azevedo et al. 2002a; Hallas et al. 2002; Arthur et al. 2008; van Heerwaarden 
et al. 2012; Matute and Harris 2013) and allele frequencies (Oakeshott et al. 1982; Fry et al. 
2008; Reinhardt et al. 2014). Geographical variation has also been used to study the dynamics of 
spatially varying sex-specific selection (Blanckenhorn et al. 2006; Chenoweth et al. 2008) where 
divergence in sexual dimorphism may reflect responses to spatially variable sex-specific 
selection (Connallon 2015). Understanding the microevolution of sex-biased expression requires 
understanding the roles of both local/microscale ecological variation and broader ecological 
patterns, such as clinal variation in climate. To date, Drosophila studies that have utilized 
latitudinal clines to study expression divergence have examined only two populations, usually at 
cline ends, which precludes strong inference about either form of ecological variation. 
 
Here, I have analysed genetic divergence in male and female gene expression among eight 
natural populations of Drosophila serrata spanning approximately 20° of latitude (~2300 km) 
and much of the species’ natural range. The eastern Australian distribution of D. serrata is an 
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appealing model for assessing microevolutionary divergence in sex-biased expression for 
multiple reasons. First, latitudinal divergence is already established for multiple life history, 
morphological and behavioural traits [development time (Magiafoglou et al. 2002; Sgro and 
Blows 2003); wing shape (Hoffmann and Shirriffs 2002), chill coma resistance (Hallas et al. 
2002); body size (Hallas et al. 2002); and locomotor activity (Latimer et al. 2011)]. Second, there 
is clear evidence for adaptive divergence along the cline for well-studied traits such as cuticular 
hydrocarbons, which are subject to both natural and sexual selection (Higgie et al. 2000; 
Chenoweth et al. 2008; Frentiu and Chenoweth 2010). Third, precopulatory sexual selection, 
which may be a key form of selection influencing the evolution of sex-biased gene expression 
(Ellegren and Parsch 2007; Harrison et al. 2015), has been directly measured along this 
latitudinal gradient (Rundle et al. 2008) and is known to vary in a nonclinal, population-specific 
manner. Finally, because D. serrata is endemic to eastern Australia, its underlying population 
genetic structure is less likely to represent multiple introductions and secondary contact events 
that can confound inferences of spatially varying selection in nonendemic species such as D. 
melanogaster and Drosophila simulans (Lack et al. 2015; Bergland et al. 2016). 
 
In this study, I assessed the degree to which patterns seen in interspecific studies of Drosophila 
(i.e. elevated male-biased gene expression divergence and faster–X divergence of expression 
levels) are mirrored at the intraspecific level. Given the sampling scheme, I tested for sex 
differences in the modes of divergence (linear clinal vs. population specific) that might reflect 
differences in the forms of spatially varying selection. Using published data from other 
Drosophila studies, I also tested for parallel latitudinal divergence between species and 
continents that might illuminate common targets of selection.  
3.3 Methods 
3.3.1 Biological samples, RNA extraction and microarray hybridisation 
The goal of my study was to estimate ‘common garden’ mean expression level for genes in each 
sex, rather than to estimate within population genetic variation. Flies were sampled from eight 
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populations along the east coast of Australia, covering a straight-line distance of approximately 
2300 km, which spans much of the species natural range (Fig. 1). To preserve the natural genetic 
differences among populations and minimize adaptation to the laboratory, flies for each 
population were maintained as isofemale lines (David et al. 2005) (n = 12 for all populations 
with the exceptions of Airlie Beach, n = 10 and Cooktown, n = 6) until the gene expression 
assay. At this point, to ensure gene expression was measured on outbred flies, I crossed the 
isofemale lines within populations following a double- round-robin mating design that included 
reciprocal crosses by sex (Verhoeven et al. 2006; Stich 2009). For example, isofemale line 1 x 
isofemale line 2, isofemale line 1 x isofemale line 3, isofemale line 2 x isofemale line 3, 
isofemale line 2 x isofemale line 4, and so on. Owing to a smaller number of available lines, a 
triple round-robin mating design was used for Airlie and all possible pairwise crosses were 
performed for Cook- town. A total of 18 F1 crosses were randomly selected for RNA processing 
from each population with six crosses assigned to each of three biological replicates. Five flies 
were randomly selected from each cross to produce pools of 30 adult virgin flies (3 days old) per 
biological replicate. The samples were snap-frozen in liquid nitrogen without the use of CO2 
anaesthesia. Freezing began at 10:22 am and was completed by 1:40 pm. All flies were frozen in 
a random order with respect to sex and population. All flies were reared in 50-ml vials 
containing standard yeast medium at 25°C with a 12-hours day/night cycle, and adult flies were 
held in vials for 3 days in same sex groups of five before being frozen.RNA extractions were 
performed using the TRIzol (ThermoFisher) procedure followed by RNA isolation using RNeasy 
minikits. cDNA synthesis, labelling, hybridization and microarray scanning were performed by 
the Centre for Genomics and Bioinformatics, Bloomington, Indiana. Quality control of the array 
data was performed via the BioConductor ‘oligo package’ using probe level models (Gentleman 
et al. 2004; Carvalho & Irizarry 2010; Draghici 2012) and the experimental metrics report 
provided by NimbleGen. One presumed male sample from the Cooktown population was 
excluded due to a labelling error which reduced the data set from n = 48 to n = 47 hybridization. 
3.3.2 Custom microarray platform 
A custom Nimblegen 12 x 135 K microarray was used to measure male and female gene 
expression of eight natural populations; the microarray design has been previously described 
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(Allen et al. 2013). Briefly, a maxi- mum of five probes per gene (mean = 4.99) were 
successfully designed for 11,631 ESTs, and each probe was replicated twice giving a total of 
116,174 experimental probes. The EST set used to design the microarray probes was constructed 
from a combination of Sanger (Frentiu et al. 2009) and Illumina RNA-seq-derived ESTs. Based 
on sequence comparisons to 12 other Drosophila species (McQuilton et al. 2012a) and exclusion 
of orthologs using orthoDB (Waterhouse et al. 2013), it was assumed that each EST represented 
expression of a unique gene. It was possible for two or more ESTs to hit a common ortholog in 
different species. Therefore to avoid repeatedly measuring expression of the same gene via 
multiple probe sets we identified and removed such orthologs by mapping the FlyBase gene IDs 
to ortholog gene IDs obtained from the OrthoDB website (Kriventseva et al. 2008b) via an in-
house Perl script. When orthologs were identified the EST with the longest BLAST hit length 
was retained. Thus, in the final EST set, each gene/ortholog was represented by a single unique 
EST. In addition, all known transposable elements and mitochondrial genes in D. melanogaster 
(McQuilton et al. 2012b) were identified via BLAST and removed from the EST set. The EST 
sequences used for microarray design purposes (length ≥ 200 bp, n = 11 383) are available in the 
GenBank Transcriptome Shotgun Archive (TSA) (GAHN00000000.1 at SRA070539) and are a 
larger set than those originally reported for D. serrata (Frentiu et al. 2009). A total of 283 ESTs 
were shorter than the 200 bp minimum requirement of TSA and therefore could not be deposited; 
these are available directly from the authors. The chromosomal location of genes on this 
microarray has also previously been established (Allen et al. 2013). 
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Figure 3.1; Sampling locations of the eight natural populations of Drosophila serrata along the 
eastern Australian coastline. 
3.3.3 Preprocessing 
During quality control assessment, minor technical artefacts in the form of random spotting 
errors during microarray printing (Draghici 2012) were apparent on eight of the 47 microarrays. 
For this reason, each microarray was assigned a reliability weight using the arrayw procedure of 
the Bioconductor limma package (Ritchie et al. 2006). These weights were then used in the 
statistical models described in the next section. Raw gene expression measurements were log2 
transformed to normality and then outlier probes within each sex were identified and omitted via 
Tukey’s criteria (t-test P-value < 0.0005) on a probe-by-probe basis (Draghici 2012). The 
average expression of the two replicate probes was then calculated before mean summarization 
of each probe set. All subsequent analyses were performed on these mean summarized data. 
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3.3.4 Statistical Analyses 
3.3.4.1 Identification of sex-biased and sex-limited genes 
In highly replicated experiments such as this, the use of statistical tests alone to classify sex bias 
can lead to genes with very small sex differences in expression being declared as sex-biased. 
Such small differences may not be biologically relevant (Stewart et al. 2010). For this reason, 
and to facilitate comparison with previously published studies (e.g. (Hutter et al. 2008; Ayroles 
et al. 2009; Innocenti and Morrow 2010); Meiklejohn, 2003)), I classified genes as sex-biased if 
there was at least a twofold expression difference between the sexes, that is that expression was 
twice as high in one sex relative to the other, and the multiple-test-corrected P-value for a 
difference between the sexes was less than 0.05. Use of a lower 1.5-fold difference threshold 
(and multiple-test-corrected P < 0.05) resulted in very similar overall findings (Appendix B1). I 
therefore only report on the twofold difference analyses in the main text. Sex bias was measured 
as mean log2- male – mean log2female expression. Mean male and mean female expression 
values were estimated across the entire data set using the UNIVARIATE procedure in SAS 
(Version 9.3, SAS Institute, Cary, NC) and fitting the array weights using the WEIGHT 
statement. Statistical differences between the sexes were assessed using the lm statement in R 
with array weights fitted using the weights argument (R Core Team 2016). I note that extraction 
of RNA from whole adult flies maximized the possibility of identifying sex-biased genes and 
that use of different tissues or developmental stages may result in different findings (Allen et al. 
2013; Grath and Parsch 2016). 
 
I assessed sex limitation in expression (also referred to as sex-specific genes) using a minimum 
expression threshold (Wang et al. 2006; Simon and Biot 2010; Draghici 2012). The threshold 
was based on the 20,000 random control probes present on each microarray (total 940,000) and 
set as the sex-specific mean expression level across all random probes plus two standard 
deviations, a value that allows maximum specificity (Bilban et al. 2002). Genes were classified 
as sex-limited if they exceeded their sex-specific threshold in one sex but not in the other. Only 
genes that were expressed in both sexes were considered as potentially sex-biased.  
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3.3.4.2 Divergence in gene expression 
My first goal in assessing divergence in expression was to determine how many genes have 
diverged in a linear latitudinal pattern as opposed to a significant but nonlinear, population-
specific pattern. To achieve this, I fitted the linear model;  
 
expression =latitude + population + error,    [1] 
  
where latitude (measured as degrees south to four decimal places) was fitted as a continuous 
factor and population a categorical factor. I fitted the terms sequentially; latitude followed by 
population using sequential sums of squares. This model provides me with the opportunity to test 
for clinal variation plus any divergence among populations that departs from linearity while 
simultaneously accounting for any aforementioned clinal effect. The model was fit using the 
GLM procedure of SAS version 9.3 (SAS Institute 2013). Array weights were also incorporated 
into the model via the WEIGHT statement. Multiple-test corrections were conducted using a 
false discovery rate of 5% to each model term (Benjamini and Hochberg 1995) via the 
R/p.adjust() function (meth- od=‘BH’). Model 1 needed to be fit using sequential sums of 
squares, and so it was not possible to fit a mixed effects model that incorporated gene-specific 
effects of chip. For this reason, I analysed gene expression as residuals from a gene-specific 
random effects model that statistically removed the random effect of chip (expression = chip + 
error). The random effect model was fit via the MIXED procedure in SAS. The entire analysis 
was performed on males (male-expressed genes: unbiased, male- and female-biased and male-
limited) and females (female-expressed genes: unbiased, male- and female-biased and female-
limited) separately.  
 
To compare effect sizes between sexes and different types of sex-biased genes, I compared the 
transcriptome-wide distributions of R2 values from model 1 using Mann–Whitney U-tests. I 
conducted these tests on all the effect size distributions for genes regardless of statistical 
significance to avoid ascertainment bias inherent when applying threshold-based significance 
testing. I used hypergeometric tests [R/phyper()] to assess nonrandom patterns in the numbers of 
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genes diverging in different modes (clinal vs. population specific) according to sex bias, sex of 
expression and chromosomal location. 
3.3.4.3 Gene ontology (GO) term enrichment analysis 
To determine whether genes underlying specific biological functions were more likely to have 
diverged than others, I performed gene ontology (GO) term enrichment analysis after assigning 
functions to D. serrata ESTs based on homolog identification as follows. Each EST was linked 
to an annotated feature from the draft D. serrata genome assembly (Allen et al. 2017; doi: 
10.1101/090969) via tblastx (NCBI standalone blast version 2.3.0+). All ESTs were successfully 
linked to a D. serrata feature with a median e-value of 3.76e-137. Then, each D. serrata feature 
sequence was classified as a putative Drosophila melanogaster homolog using the method of 
reciprocal best hits (Tatusov et al. 1997; Huynen and Bork 1998; Moreno-Hagelsieb and Latimer 
2008) with D. melanogaster coding sequences (tBLASTx default settings) obtained from 
FlyBase (genome version 6.05) (Drosophila 12 Genomes Consortium et al. 2007; McQuilton et 
al. 2012a). The D. melanogaster gene GO terms were then assigned to the D. serrata ESTs and 
used for enrichment analysis. To allow for divergent genes to be identified, tBLASTx with a 
liberal e-value threshold of 10 was applied; however, in practice the median e-value was 1.20e-
162. This method successfully identified 10,555 ESTs on the microarray (91%) as D. 
melanogaster homologs. Annotation of the D. serrata genome is currently incomplete with many 
genes remaining to be annotated. In some cases, annotated features are in reality multiple genes 
that will await correction via manual curation (Yandell and Ence 2012). As a consequence, I 
refer to my D. serrata annotations as homologous to D. melanogaster as opposed to being strict 
one-to-one orthologs. Gene ontology enrichment analysis was performed using g:Profiler 
(Reimand et al. 2016) with ordered gene lists by P-value and a false discovery rate of 5% 
(Benjamini and Hochberg 1995). The same approach was used to identify D. simulans homologs 
using genome version 2.02 obtained from FlyBase, and 10,493 ESTs on the microarray (90%) 
were identified as D. simulans homologs. 
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3.3.4.4 Correlated patterns of divergence in males and females 
I assessed whether gene expression divergence was correlated between males and females. For 
all co-expressed genes (those expressed in both sexes), I estimated the Pearson’s product–
moment correlation between the population mean vectors for males and females, rpop(m, f). High 
values of rpop(m,f) indicate that males and females have diverged in similar ways along the 
gradient, whereas low correlations suggest divergence is sex specific. I compared the distribution 
of rpop(m,f) values between genes that showed either divergence in both sexes, males only or 
females only. I also examined the distributions of genes showing linear clinal as opposed to 
population-specific divergence.  
 
To better assess changes in sexual dimorphism among populations, I analysed all co-expressed 
genes using supplementary combined sex analyses. To test for sex-specific population 
divergence, I used the following ANOVA model:  
 
expression = sex + population + sex × population + error  , [2] 
 
The significance of the sex 9 population interaction was used to test for sex-dependent 
divergence and multiple-test-corrected to a false discovery rate of 5% (Benjamini and Hochberg 
1995). Owing to insufficient degrees of freedom, it was not possible to fit population and latitude 
simultaneously in model 2 as I did for the single sex analyses in model 1. Therefore, I fit a 
separate version of model 2 where the categorical population term was replaced with the 
continuous factor of latitude.  
3.3.5 Data availability 
All gene expression data have been deposited in the Gene Expression Omnibus (GSE90733), 
which include both raw and preprocessed data in an as analysed state. 
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3.4 Results 
3.4.1 Sex-biased genes 
Using a custom expression array platform, I analysed expression at 11,631 Drosophila serrata 
genes. All but 295 of the genes analysed passed the minimum expression threshold in at least one 
sex. These were therefore excluded from further analysis. Moreover, although most genes were 
expressed in both sexes (9934, 85%), there were far more male-limited (1357, 11.7%) than 
female-limited genes (45, 0.4%). Of the genes that were expressed in both sexes (co-expressed 
genes), use of a twofold log2(expression) threshold to detect sex bias revealed that there were 
slightly more female- (2648, 22.8%) than male-biased (2456, 21.1%) genes. A similar result was 
found when using a 1.5-fold threshold to define sex bias (Appendix E). Overall, my results are 
consistent with studies of other Drosophila species, where the numbers of sex-biased genes are 
typically reported as sex-biased plus what I have classified here as sex-limited (Zhang et al. 
2007). 
3.4.2 Expression divergence is stronger in males than in females 
In my analysis of male and female transcriptome divergence among the eight populations, I 
tested each gene simultaneously for both (i) predictable linear associations with latitude, 
hereafter coined ‘clinal divergence’, and (ii) residual population-specific divergence from the 
latitudinal trend (see methods). In broad terms, I saw a greater fraction of the male transcriptome 
divergence among populations than the female transcriptome, limited overlap between sexes in 
those genes that diverged, and a tendency towards population-specific divergence along the 
latitudinal gradient in males (Fig. 2). For males, a total of 1483 genes (13.1%) were significant 
for either the linear effect of latitude, the categorical effect of population, or both (Table 1. FDR 
< 5%). For these genes, there was a relatively uneven distribution in the pattern of divergence: 
over half (781, 53%, Table 1) showed only a population-specific pattern of divergence with a 
significant main effect of population but not latitude, whereas only a third (482, 33%, Table 1) 
showed a linear clinal association with latitude without a significant population effect. A total of 
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220 genes showed both a latitudinal and population effect (14% Table 1), suggesting overall 
clinal variation but with some residual population-specific divergence. 
 
Far fewer genes diverged significantly when expressed in females, with only 805 (8.1% of genes 
expressed in females), showing divergence at FDR <5%. Among these, similar numbers showed 
linear clinal (Table 1: 325, 40%,) and population-specific (Table 1: 337, 42%) divergence, 
although the overlap between the modes of divergence was similar to that seen in males (143, 
18%). In a pattern suggestive of extensive sex-specific divergence, there was limited overlap in 
the identity of genes that diverged significantly in males and females: only 182 genes diverged 
significantly in both males and females (9.4% of diverged genes that were expressed in both 
sexes). 
 
I also compared the distribution of linear model effect sizes between males and females using the 
R2 values. For all but sex-limited genes, which are by definition a nonoverlapping set of genes 
between sexes, the proportion of variance explained by latitude and population combined (model 
1) was far greater when a gene was expressed in males compared with when it was expressed in 
females (Fig. 3). Moreover, the elevation in effect sizes appeared strongest for male-biased 
genes. 
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Figure 3.2; Example plots displaying different types of divergence in gene expression. All 
examples are from males and the error bars are 95% confidence intervals. Latitude increases 
from left (Cooktown) to right (Batemans Bay). (A) EST3327 diverged in a linear clinal pattern. 
(B) EST37600 diverged with a populationspecific pattern. (C) EST25624 had a significant main 
effect of latitude and population. (D) Pie charts for male and female divergence displaying the 
proportion of genes that diverged for each mode of divergence. 
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Table 3.1; Number of genes with significant male or female expression divergence among eight 
populations of D. serrata sampled along a latitudinal gradient. Gene counts are arranged by sex 
of expression and sex-bias class. Divergence mode corresponds to significance being detected in 
model 1 for either the latitude and/or population effects (FDR <0.05). Percentages are given in 
parentheses and correspond to fraction of significant genes within each sex-bias class relative to 
the number analysed. Significance values indicate significant enrichment is indicated against 
other classes of sex-bias using hypergeometric tests. 
 
Sex-bias n genes Divergence mode 
  
Clinal 
Population-
specific 
Both 
Total 
(either) 
Males      
Unbiased 4830 243 (5.0)** 287 (5.9)  88 (1.8) 618 (12.8) 
Female-biased 2648 57 (2.2) 101 (3.8) 26 (1.0) 184 (6.9) 
Male-biased 2456 148 (6.0)** 304 (12.4)** 75 (3.1)** 527 
(21.5)** Male-limited 1357 34 (2.5) 89 (6.3) 31 (2.3) 151 (11.1) 
All genes 11291 482 (4.3) 781 (6.9) 220 (1.9) 1483 (13.1) 
 
Females 
     
Unbiased 4830 152 (3.1) 120 (2.5) 40 (0.8) 312 (6.5) 
Female-biased 2648 78 (2.9) 62 (2.3) 20 (0.8) 160 (6.0) 
Male-biased 2456 89 (3.6) 151 (6.1)** 82 (3.3)** 322 
(13.1)** Female-limited 45 6 (13.3)** 4 (8.9)* 1 (2.2) 11 (24.4)** 
All genes 9979 325 (3.3) 337 (3.4) 143 (1.4) 805 (8.1) 
* p < 0.05; ** p < 0.005 
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Figure 3.3; Transcriptome-wide effect size estimates (median model 1 R2 values) for the 
combined effects of latitude and population for all genes analysed according to sex bias category. 
Error bars are 95% confidence intervals of the median based on 10,000 pseudosamples of the 
original data. Numbers of genes analysed in each sex and class also appear below the bars. 
 
As with other Drosophila studies (Catalan et al. 2012; Zhao et al. 2015), there was bias in the 
direction of latitudinal clines. For genes showing a significant effect of latitude in males, 
expression tended to increase at higher latitudes (southwards) more often than it decreased. This 
skew was significant using binomial tests on the sign of regression coefficients (males: 462 
positive vs. 239 negative; binomial P < 2.2x10-16). Directional bias was far more pronounced in 
males than it was in females, where the effect was marginally nonsignificant (females: 251 
positive vs. 210 negative; binomial P = 0.062). There is a possibility that this result is related to a 
body size cline that has been reported in D. serrata (Hallas et al. 2002) where body size 
increases as latitude increases. However for this to occur, tissue composition of the flies would 
also have to scale nonisometrically with body size (Montgomery and Mank 2016), a question 
that is yet to be answered. 
0.0
0.2
0.4
0.6
Unbiased Female-biased Male-biased Sex-limited
Di
ve
rg
en
ce
 e
ffe
ct 
siz
e 
(r2
)
Female
Male
n = 45 n = 1,357n = 4,830 n = 2,648 n = 2,456
44 
 
3.4.3 Divergence is enriched for male-biased genes 
Previous macroevolutionary studies have reported greater expression divergence in male- than 
female-biased and unbiased genes (Ellegren and Parsch 2007), as have some intraspecific 
comparisons of D. melanogaster populations (Meiklejohn et al. 2003; Hutter et al. 2008; Zhao et 
al. 2015) but see Muller et al. (2011). In general agreement, divergence in D. serrata was 
significantly enriched for male-biased genes. Proportionally, far more male-biased genes 
diverged among the sampled populations than other types of genes. There was a significant 
enrichment of male-biased genes for divergence in both males (Table 1: 527, 21.5%, 
hypergeometric test: P < 1 x 10-8) as well as females (Table 1: 322, 13.1%, hypergeometric test: 
P < 1 x 10-8). A similar result was observed for the 182 genes that diverged in both sexes where 
an excess of male-biased genes was found (35%, hypergeometric test: P = 5.50e-04). I also 
observed significant enrichment of female-limited (Table 1: 11, 24.4%, hypergeometric test: P < 
1.7 x 10-4) but not male-limited genes (Table 1: 151, 11.1%, hypergeometric test: P = 0.98). 
Enrichment for male-biased genes was present across all divergence modes: linear clinal, 
population specific and both (Table 1), but was highest in the analysis of males for genes 
displaying a purely population-specific pattern (Table 1). Female-biased genes were consistently 
the most underrepresented class among diverging genes regardless of sex. These results were 
qualitatively identical when a 1.5-fold threshold was used to classify sex bias (Appendix B2). 
3.4.4 Divergence is correlated between males and females  
I saw limited overlap in the genes showing significant divergence in males and females. Such a 
pattern suggests there could be extensive changes in either the degree or direction of sex bias 
across these natural populations. To examine changes in sex bias, I performed supplementary 
analyses of all sexually co-expressed genes (n = 9934), fitting a gene-specific linear model that 
included the main effects of population, sex and their interaction as fixed effects. Here, a 
significant sex 9 population interaction would signal a change in either degree or direction of 
sexual dimorphism among the sampled populations. The number of genes with a significant sex 
9 population interaction was modest (366 at FDR < 5%). I also tested a model including sex and 
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latitude (i.e. expression = sex + latitude + sex 9 latitude + error) and again saw a small number of 
interactions (sex 9 latitude: 45 at FDR < 5%). 
 
A low number of significant interactions appear somewhat at odds with the separate sex analyses 
where many genes were found to have diverged in one sex only. While it may be the case that 
the combined sex models lacked statistical power to detect sex-specific divergence via 
interaction effects, it was also possible that positive genetic correlations between males and 
females for gene expression (e.g. D. melanogaster mean r(m,f) = 0.4; Griffin et al. 2013) may 
inhibit sex-specific divergence despite widespread sex-specific selection. Moreover, if 
divergence were also consistently stronger in one sex than another, as I saw for males in the 
separate sex analysis (Fig. 2), there would be limited overlap in genes reaching significance in 
the separate sex analyses. To test this idea, I calculated the correlation between male and female 
population means across the eight populations, rpop(m,f). Divergence was indeed most commonly 
positively correlated between the sexes (Fig. 4). Genes showing significant divergence typically 
had much higher rpop(m,f) values and it was maximal for the 182 genes that diverged significantly 
in both sexes. This overall pattern suggests that while divergence in co-expressed genes is 
usually correlated between sexes, it tends to occur to a greater degree in males. 
3.4.5 Sex differences in X-Autosome bias  
Although there is considerable evidence for a faster-X effect from macroevolutionary 
comparisons of Drosophila species (Ellegren and Parsch 2007; Parsch and Ellegren 2013), 
whether the same is true over microevolutionary timescales is unclear, as both faster-X (Meisel 
et al. 2012b) and slower-X effects (Hutter et al. 2008) have been reported in D. melanogaster, a 
recent study failed to find either a faster- or slower-X effect (Zhao et al. 2015). In D. serrata, 
there were sex differences in the representation of X-linked genes among the sets of significantly 
diverged genes; however in males, I did not find any evidence that X-linked genes diverged 
among the eight natural populations of D. serrata more often than autosomal genes. Instead, X-
linked genes were significantly underrepresented (Table 2). In males, only 7.3% of X-linked 
genes analysed diverged despite them representing over 14% of the transcriptome, a significant 
deficit according to a hypergeometric test (test of deficit P = 3.1 x 10-16). The paucity of X-linked 
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gene divergence was present regardless of the pattern of divergence (clinal: hypergeometric test 
deficit P = 1.5 x 10-7; population specific: P = 4.8 x 10-6; and both: P = 2.2 x 10-5). Because 
elevated X-linked divergence of gene expression between some Drosophila species is strongest 
for male-biased genes (Meisel et al. 2012a), I considered whether this may also be the case in D. 
serrata, despite the paucity of X-linked divergence in males overall. However, when I tested for 
an enrichment of X-linked genes across the different sex bias classes and classification 
thresholds (twofold vs 1.5-fold), the deficits remained for all sex bias classes except male-limited 
where the deficit was marginally nonsignificant (hypergeometric test: P = 5.48e-02) (Appendix 
B2). 
 
Figure 3.4; Distribution of the among population correlation between male and female mean 
gene expression, rpop(m,f), for genes showing any form of significant population divergence 
(model 1) in males, females and both sexes. Also shown are the genomewide estimates for all co-
expressed genes regardless of statistical significance. 
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In contrast to the lack of X-linked divergence in males, for females there was significant 
enrichment of X-linked genes, comprising 19% of significantly divergent genes compared with 
16% in the analysed transcriptome (Table 2; hypergeometric test of enrichment, P = 1.4 x 10-2). 
Interestingly, the enrichment of X-linked genes was absent from the population-specific 
divergence set (Table 2; hypergeometric test, P = 1.3 x 10-1) and was only seen for genes 
showing either linear latitudinal (Table 2; hypergeometric test, P = 1.6 x 10-3) or both types of 
divergence (Table 2; hypergeometric test, P = 1.6 x 10-2). Interestingly, when broken down by 
sex bias class, I saw that X chromosome enrichment in females was only significant for female-
biased genes (Appendix B2; hypergeometric test, P = 9.8 x 10-3). A similar observation was 
made when a 1.5-fold sex bias threshold was used in place of the twofold threshold (Appendix 
B2). 
 
Divergence was also nonrandomly distributed across the four major autosomal arms in D. 
serrata (Table 2). In males, there was significant enrichment of genes on 2L and 3R but in 
different divergence modes. Genes on 2L were enriched in the linear divergence set (Table 2: 
hypergeometric test, P = 6.8 x 10-5), whereas genes on 3R were overrepresented in the 
population-only set (hypergeometric test, P = 2.05 x 10-3). Similarly, in females I observed 
enrichment for 3R in the population-only divergence set (hypergeometric test, P = 9.5 x 10-3) but 
the enrichment of genes on 2L for linear divergence in females was not significant 
(hypergeometric test, P = 1.8 x 10-1). Similar nonrandom patterns have been seen in D. 
melanogaster, which may be due to segregating chromosomal inversions (Zhao et al. 2015). 
However, owing to a lack of genomic information for D. serrata, I were not able to assign genes 
to inversions. 
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Table 3.2; Chromosomal distribution of genes that diverged significantly among populations 
(FDR <0.05) for males and females.  Significance values correspond to hypergeometric tests for 
significant enrichment (*) or deficits (†) of genes. Genes in the unknown or unplaced (U) 
categories were not tested and were not included in the total sample sizes when performing 
hypergeometric tests.  
 
Chromosome n genes Divergence mode 
  
Clinal 
Population-
specific Both 
Total 
(either) 
Males      
X 1,657 35†† 73†† 13†† 121†† 
2L 1,996 118** 135 39 292* 
2R 2,217 104 154 50 308 
3L 2,118 92 152 49 293 
3R 2,697 111 217** 61 389* 
4 72 4 5 1 10 
Y 6 0 0 0 0 
U 38 1 5 0 6 
unknown 490 17 40 7 64 
All genes 11291 482 781 220 1483 
Females 
Females 
     
X 1,558 64* 51 31* 146* 
2L 1,729 62 52 30 144 
2R 1,973 64 62 25 151 
3L 1,889 54 60 20 134 
3R 2,388 69 98* 26 193 
4 71 1 0 0 1† 
U 31 1 1 2 4 
unknown 340 10 13 9 32 
All genes 9,979 325 337 143 805 
* enrichment p < 0.05; ** enrichment p < 0.005   
† deficit p < 0.05; †† deficit p < 0.005 
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3.4.6 Gene ontology analysis of divergent genes 
Gene ontology enrichment of the divergent genes using g:Profile (Reimand et al. 2016), revealed 
sex differences in divergent gene function and also functional differences between the different 
modes of geographical divergence. While full results are available in Appendix B3, some 
highlights are outlined below. For clinal divergence in males, I saw enrichment of the term 
response to ethanol (p.adj = 3.63e-02), noteworthy given known divergence in the alcohol 
dehydrogenase gene (Adh) in D. melanogaster (Oakeshott et al. 1982; David et al. 1989; Berry 
and Kreitman 1993). Terms related to metabolism were also enriched including digestion (p.adj 
= 1.00e-02), carbohydrate metabolic process (p.adj = 4.43e-05), lipid catabolic process (p.adj = 
2.13e-02) and proteolysis (p.adj = 5.82e-02), similar to a previous report in D. melanogaster males 
(Hutter et al. 2008). Male population-specific divergence was enriched for cuticle development 
(p.adj = 1.58e-03). Insect cuticles perform many important functions such as providing structure 
and muscle attachment for locomotion, protecting against xenobiotics and infection, and 
assisting in desiccation resistance (Moussian 2010). Genes showing both clinal and population-
specific divergence were enriched for a single term, the molecular function immune response 
(p.adj = 3.45e-05). 
 
In females, clinal divergence was enriched for terms related to oogenesis, in particular egg coat 
formation (p.adj = 6.31e-04). Clines in traits related to oogenesis such as ovariole number and egg 
size have been documented in a wide range of species (Adrion et al. 2015) including D. 
melanogaster (Azevedo et al. 1996). Female population-specific divergence was enriched for 
catalytic activity (p.adj = 5.00e-02). 
 
3.4.7 Parallel divergence with other Drosophila species  
Between-species overlap in the genes diverging across latitudinal gradients may strengthen 
evidence for climatic adaptation. I took advantage of a recent study of divergence in male gene 
expression between a tropical and temperate population of D. melanogaster and D. simulans 
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(Zhao et al. 2015) and compared gene lists for divergence with male D. serrata. A total of 
11,291 of the D. serrata ESTs that were expressed in males were linked to 8,294 unique D. 
melanogaster genes. Of these 8,294, 160 diverged in both species which represented, 12.5% of 
the 1,283 that diverged in D. serrata and 25.5% of the 783 that diverged in D. melanogaster, and 
this degree of overlap was greater than expected by chance (hypergeometric test, P = 5.7e-05). 
GO term enrichment for these overlapping genes revealed overrepresentation of numerous 
biological processes (Appendix B4), including regulation of circadian rhythm (p.adj = 4.57e-02), 
mating behaviour (p.adj = 1.34e-02), response to ethanol (p.adj = 6.97e-03) and several metabolic 
process terms such as digestion (p.adj = 4.68e-02), lipid metabolic process (p.adj = 4.94e-02) and 
cellular amino acid catabolic process (p.adj = 4.68e-02). In addition, several noteworthy enriched 
molecular functions were oxidoreductase activity (p.adj = 4.26e-02) and structural constituent of 
cuticle (p.adj = 4.12e-02). 
 
For the comparison between D. serrata and D. simulans, 11,291 of the male-expressed ESTs 
assessed in D. serrata were linked to 8,246 unique D. simulans Fly-Base gene ids. Of these, 174 
diverged in both species, which equates to 13.7% of the 1,271 that diverged in D. serrata and 
19.6% of the 886 that diverged in D. simulans, a proportion that was greater than expected by 
chance (hypergeometric test, P = 2.0e-04). GO term enrichment of the common genes that 
diverged in both D. serrata and D. simulans included a single term, structural constituent of 
cuticle (p.adj = 5.00e-02). 
3.5 Discussion 
I have compared male and female gene expression divergence along a latitudinal gradient 
covering a large fraction of the endemic distribution of Drosophila serrata. My analyses 
revealed marked sex differences in the frequency, mode and strength of geographical divergence. 
As well as sex differences, strong differences were also seen between sex bias classes, with far 
more male-biased genes diverging than female-biased genes regardless of whether they were 
expressed in males or females. In males, divergence was not enriched for X-linked genes, and 
instead, a significant deficit was observed. In contrast, for genes expressed in females, 
divergence was enriched for X-linked genes with the effect strongest for female-biased genes. 
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Finally, I found evidence for gene overlap with D. simulans and D. melanogaster spanning the 
east coast of America, indicating a degree of parallel adaptation at the level of gene expression in 
these species. These results provide insight into the evolution of sex bias in gene expression in 
response to both macroecological (clinal) and microecological (population specific) variation. I 
discuss these key findings in further detail below. 
3.5.1 Strong sex differences in clinal and non-clinal divergence 
While some genes showed both linear latitudinal and population-specific divergence modes, the 
numbers showing clinal divergence in each sex were similar in proportional terms (14% in males 
and 17% in females). However, males and females differed in the relative number of genes 
showing only one mode of divergence (clinal or population specific). While approximately equal 
numbers were detected for both modes in females, far more genes (1.6 times) diverged in a 
population-specific, rather than linear clinal pattern in males. Because many abiotic factors tend 
to covary predictably with latitude (Endler 1977), genes for which divergence scaled 
systematically with latitude are consistent with the operation of clinally varying natural selection. 
For example, several genes associated with cold acclimation diverged in a clinal pattern in males 
as did several genes associated with circadian rhythm in both sexes (Appendix B3), including a 
homolog of the genes homer, an essential protein for the regulation of circadian sleep/ wake 
cycle (Naidoo et al. 2012), and takeout, a gene implicated in the circadian control of feeding 
behaviour (So et al. 2000). 
 
Population-specific divergence patterns on the other hand suggest less predictable forms of 
selection. Given the abundance of population-specific effects in males, an obvious candidate 
form of selection is sexual selection. Because sexual selection fundamentally involves biotic 
interactions, it may be less influenced by abiotic ecological factors (Andersson 1994) and may 
therefore be more likely to vary in a population-specific manner (Gosden and Svensson 2008). 
For example, it has previously been shown that sexual selection on D. serrata cuticular 
hydrocarbons (CHCs) varies spatially along this latitudinal gradient but does not always covary 
systematically with latitude; that is for some traits, sexual selection is population specific 
(Rundle et al. 2008). Consistent with this, I observed population-specific enrichment in males for 
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the GO term cuticle development (Appendix B3). In further support of the possibility that 
population-specific divergence reflects sexual selection was the finding that, while enrichment 
for the biological process sex comb development was marginally nonsignificant after correction 
for multiple tests, the gene sex combs extra (Appendix B3), a polycomb group gene required for 
proper development of adult sex combs (Simon et al. 1992), did diverge in a population-specific 
manner. 
 
Although genetic drift has been excluded as a major factor shaping clinal differentiation for some 
traits in D. serrata (Chenoweth and Blows 2008), it cannot yet be excluded for my analyses of 
divergence in gene expression. Previous D. serrata population genetic surveys across the 
sampled range showed quite weak levels of genetic differentiation. One showed significant, but 
weak, isolation by distance (Chenoweth and Blows 2008), which would predict some clinal 
divergence in expression by chance alone, whereas no such pattern was detected in an earlier 
study (Magiafoglou et al. 2002). An interesting argument against genetic drift in this study is 
provided by the divergence patterns of sex-limited genes. For example, because male-limited 
genes are not under selection in females (Gershoni and Pietrokovski 2014), male-limited genes 
are more exposed to genetic drift than co-expressed male-biased genes and likely even more so 
than unbiased genes. The finding that sex-limited genes did not diverge more often than co-
expressed genes to some extent weakens the case for a major role of drift, as does the 
observation of parallel divergence with other species. Notwithstanding, more detailed population 
genomic studies will be required to determine the underlying population structure of the cline. 
3.5.2 Male-biased divergence 
Sex-biased gene expression is ubiquitous in dioecious species and its evolution has received 
significant empirical attention. Of particular interest is the finding that sex-biased genes, 
especially male-biased genes, appear to diverge at an increased rate in a wide range of species 
(Ellegren and Parsch 2007; Parsch and Ellegren 2013), a result clearly replicated in both sexes of 
D. serrata (Table 1). In males, approximately 2.9 times more male-biased genes diverged than 
female-biased genes, and in females approximately twice as many male-biased genes diverged 
than female-biased genes. A similar result has been observed in D. melanogaster in relation to 
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coding sequence divergence relative to other species, it was attributed to genes involved in 
reproduction as statistical significance was lost when gonadectomised flies were used, however 
the trend remained (Meisel 2011). An interesting explanation for the excessive divergence in 
male-biased genes is that, in general, selection might be stronger on male expression traits than 
female expression traits. For instance, male-biased genes most likely affect male more than 
female fitness (Connallon and Clark 2011a) and evolutionary theory has long predicted that 
selection may be stronger on males than females due largely to sexual selection on males 
(Manning 1984; Kodric-Brown and Brown 1987; Whitlock and Agrawal 2009; Agrawal 2011), 
an idea supported by mutation accumulation experiments in Drosophila (Mallet et al. 2011; 
Sharp and Agrawal 2013). My finding that geographical divergence is enriched for male-biased 
genes, which are likely more important for male fitness than female fitness, provides further 
support for the hypothesis that males are perhaps under stronger selection than females. 
 
Additional support for the idea of stronger selection on males comes from my analysis 
comparing the strength of expression divergence between males and females. I found that 
geographical divergence in males was indeed greater than females on a transcriptome-wide scale 
(Fig. 2). This sex difference was greatest for male-biased genes and was of a similar magnitude 
for both female-biased and unbiased genes. If divergence strength is associated with the strength 
of selection, this finding also suggests that spatially divergent selection among D. serrata 
populations may be stronger on males than on females.  
 
Limited overlap between males and females in the genes showing divergence suggests that there 
may be substantial spatial variation in sex-specific selection across the sampled populations. 
However, I found a general paucity of significant interactions between sex and population (or 
latitude) when analysing the sexes together. It is possible that, despite variation in sex-specific 
selection, population divergence in sex bias has been constrained by positive genetic correlations 
between males and females, r(m,f) (Lande 1980; Lande 1987). In D. melanogatser, gene 
expression is largely positively correlated between the sexes (Griffin et al. 2013). If this is also 
the case in D. serrata, then sex-specific divergence may be constrained and difficult to detect 
statistically regardless of the strength of sex-specific selection. For example, if selection for 
divergence was much stronger on males than females, but r(m,f) was also high, divergence would 
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be of a similar direction and magnitude in males and females due to correlated responses despite 
the difference in selection strength. Although I were not able to measure r(m,f) in this experiment, 
I measured the intersexual divergence correlation, rpop(m,f), and found that it was most often 
positive; more so for genes that diverged in both sexes followed by male-biased genes and then 
female-biased genes (Fig. 4). Such correlated divergence, despite many genes apparently 
diverging in males only (in terms of statistical significance), indeed suggests that sex-specific 
adaptation in gene expression could be constrained by pleiotropy between sexes (Griffin et al. 
2013; Innocenti and Chenoweth 2013). However, there is some evidence that cross-sex genetic 
covariances tend to vary across populations (Barker et al. 2010; Gosden and Chenoweth 2014), 
and therefore how such constraints manifest would be an interesting starting point for future 
studies. 
3.5.3 X/Autosome bias 
Comparisons between Drosophila species have revealed that X-linked genes often diverged to a 
greater extent than autosomal genes in terms of coding sequence (Charlesworth et al. 1987; 
Vicoso and Charlesworth 2006) and in some cases, expression levels (Llopart 2012; Meisel et al. 
2012b), coined the ‘faster-X’ effect (Betancourt et al. 2002). However, evidence of faster-X 
effects for gene expression patterns is inconsistent in comparisons between populations of a 
single species (Hutter et al. 2008; Zhao et al. 2015). This difference is perhaps unsurprising 
under the premise that intra-species divergence likely arises, in large part, from standing genetic 
variation whereas differences between species are far more likely to involve new mutations. 
Indeed, when evolution occurs in response to a sudden change in the environment, no difference 
between the X and autosomes is expected due to the use of standing variation (Orr and 
Betancourt 2001). In males, I found no numerical enrichment of X-linked genes and in fact the 
opposite was the case: X-linked genes were significantly underrepresented. A similar result was 
seen for male gene expression in a comparison between two D. simulans populations (Zhao et al. 
2015) and between two D. melanogaster populations (Hutter et al. 2008). However, the D. 
melanogaster result was not replicated in a second study of other populations (Zhao et al. 2015). 
In contrast to the absence of faster-X effects in males, expression divergence in D. serrata 
females was enriched for X-linked genes. 
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One intriguing hypothesis to explain the joint observations of reduced X-linked divergence in 
males and elevated X-linked divergence in females is the hyperexpression of X-linked genes in 
female D. serrata. Female D. serrata show a pattern of general hyperexpression of the X 
chromosome that exceeds autosomal expression (Allen et al. 2013). This could expose X-linked 
genes to stronger selection when expressed in females (Pal et al. 2001). Thus, while the observed 
patterns are consistent with stronger overall selection on males, it may be the case that X 
chromosome hyperexpression leads to stronger selection at X-linked loci in females, thereby 
creating a concomitant deficit of X-linked divergence in males relative to the stronger divergence 
of autosomal genes. Support for this explanation comes from the observation that X chromosome 
enrichment was strongest for female-biased genes but weaker and marginally nonsignificant for 
male-biased and borderline significant for unbiased genes (Appendix B2). Hyperexpression of 
X-linked genes, although less pronounced, has been reported for other Drosophila species 
(Gupta et al. 2006; Sturgill et al. 2007; Zhang et al. 2007) and the red flour beetle (Tribolium 
castaneum) (Prince et al. 2010), although its relationship to X chromosome evolution is as yet 
unknown. More studies will be needed to determine whether 1) intraspecific faster- or slower-X 
effects on gene expression are common and 2) whether sequence evolution of X-linked genes in 
species with X hyperexpression differs to those without it.  
3.5.4 Parallel divergence between Drosophila species 
Common genes that have diverged among populations in different species along comparable 
latitudinal gradients provide a strong indication that these genes are under spatially varying 
selection (Futuyma 2005; Zhao et al. 2015). Comparing my results with a previous study of 
latitudinal gene expression divergence both D. melanogaster and D. simulans (Zhao et al. 2015), 
I found significant overlap in the genes that diverged and GO term analysis implicating multiple 
biological processes likely under spatially divergent selection. These include genes associated 
with circadian rhythms in comparisons with D. melanogaster. This is an expected result, given 
that circadian rhythms are likely under strong natural selection due to their ability to tailor 
behaviours and physiological responses to environmental changes that are dependent on the time 
of day (Panda et al. 2002). 
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I also found enrichment for genes related to the cuticle in both species comparisons. The insect 
cuticle performs many important functions such as protection, structure for locomotion and 
desiccation resistance (Gibbs 1998, 2002; Moussian 2010). However, clines in desiccation 
resistance have been reported for some Drosophila species (Hoffmann and Harshman 1999), 
which suggest a selected function of the cuticle genes. Unique to the D. melanogaster 
comparison, I found enrichment for genes associated with lipid and protein metabolism. This is 
perhaps reflective of the finding that metabolism increased clinally with latitude on the east coast 
of Australia in D. melanogaster, likely due to changes in average temperature (Berrigan and 
Partridge 1997). Lastly, I found enrichment for genes related to mating behaviour and 
reproduction in the D. melanogaster comparison, traits that are likely under sex-specific 
selection (Andersson 1994; Futuyma). Overall, while the evidence for parallel adaptation in gene 
expression between continents and species strongly points to shared selective regimes and 
abilities to respond to selection between the species, there is also a great deal of species 
specificity in the responses.  
3.5.5 Conclusion 
My study has exposed marked sex differences in the microevolutionary divergence of gene 
expression across macro- and micro-ecological scales. The patterns observed suggest a history of 
stronger divergence on males than females. As many of the genes that diverged in a population-
specific manner were male-biased, and tended to diverge predominantly in males, it suggests that 
divergence could be driven by male sexual selection that varies over microecological scales. 
While I have measured transcript abundance here, it will be interesting to see whether, as is the 
case with interspecific divergence patterns, similar patterns are seen in coding sequence variation 
along this latitudinal gradient. Several studies have reported considerable changes in sex bias 
between species of Drosophila (Zhang et al. 2007) with up to 20% of sex-biased genes showing 
a gain, loss or reversal in sex bias between Drosophila melanogaster and Drosophila simulans 
(Ranz et al. 2003). Despite my finding that gene expression diverged more often and to a greater 
degree in male Drosophila serrata (Fig. 2), I found little evidence for changes in the degree of 
sex bias along this cline. This contrast between macro- and micro-evolutionary patterns may be 
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caused by genetic constraints to the evolution of sex-biased gene expression (Mank et al. 2008b; 
Griffin et al. 2013; Innocenti and Chenoweth 2013) that require macroevolutionary timescales to 
overcome. 
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Chapter 4 – Genetic constraints on the evolution of sex-biased gene expression within and 
among natural populations; are male-biased genes less constrained by pleiotropy? 
4.1 Abstract 
Genes with male-biased expression are among the fastest evolving genes in a range of species, 
both in terms of DNA sequence and gene expression. Although evidence suggests that positive 
selection is responsible for the rapid evolution of DNA sequence, it is unknown why expression 
of male-biased genes appears to also evolve relatively quickly. Here, I aimed to explore several 
possible explanations for this observation using an extensive sex-specific transcriptome-wide 
gene expression dataset (11,631 genes) of an Australian fruit fly (Drosophila serrata). First, 
because the response to directional selection is proportional to the genetic variance, it is possible 
that male-biased genes evolve faster because they have higher genetic variance than female-
biased genes. Second, there is evidence that pleiotropy (where a single gene is involved in 
multiple biological processes) could constrain the evolution of sex-biased genes and it is 
therefore possible that male-biased genes evolve faster because they are less constrained by 
pleiotropy. Third, a more specific form of pleiotropy, caused by the fact that males and females 
share a genome (between-sex pleiotropy), could also inhibit the evolution of sex-biased genes 
expression, here I explore the possibility that between-sex pleiotropy inhibits male-biased genes 
less. While I did find that male-biased genes had more genetic variance than female-biased genes 
and that male-biased genes appeared less constrained by overall pleiotropy, they appeared more 
constrained by between-sex pleiotropy. Furthermore, I previously observed that divergence in 
gene expression among eight natural populations of D. serrata was stronger in males than 
females and that much of the divergence occurred in male-biased genes. Here I find that 
divergence might be primarily driven by selection on males with females diverging in a similar 
manner due to between-sex pleiotropic constraints rather than similar sex-specific selection 
pressures.  
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4.2 Introduction 
Sex-biased genes are genes expressed at a higher level in one sex compared to the other and are a 
common feature of the transcriptomes of sexual species (Ellegren and Parsch 2007; Parsch and 
Ellegren 2013; Ingleby et al. 2015), including the focal species of this study, Drosophila serrata 
(Chapter 2 and 3) (Allen et al. 2013; Allen et al. 2017a). For the most part, sex-biased gene 
expression (SBGE) likely reflects historical selection for different phenotypic optima in males 
and females as it is a prime mechanism for how a shared genome could produce sexually 
dimorphic traits (Ellegren and Parsch 2007; Williams and Carroll 2009).  
 
Although SBGE is widespread, many sex-biased genes likely experience ongoing sexually 
divergent selection (Connallon and Clark 2010; Innocenti and Morrow 2010). For example, by 
eliminating major components of selection on male Drosophila melanogaster and allowing 
selection to occur on females only for over 100 generations, female-biased genes became more 
female-biased while male-biased genes became less male-biased (Hollis et al. 2014). Essentially, 
female-limited selection “feminised” the transcriptome, indicating the presence of current 
sexually divergent selection. The detection of ongoing sexually divergent selection even though 
some degree of SBGE has evolved, is a strong indication that SBGE evolution is constrained and 
neither sex is expressing genes at their optimal level (Mank et al. 2008b; Griffin et al. 2013). 
 
Despite apparent constraints on the evolution of SBGE, male-biased genes are some of the 
fastest evolving genes in a diverse range of species (Ellegren and Parsch 2007; Parsch and 
Ellegren 2013), both in terms of protein coding sequence (Zhang et al. 2004; Meisel 2011) and 
gene expression levels (Ellegren and Parsch 2007), an observation I also made in relation to 
microevolutionary divergence among eight D. serrata populations (Chapter 3) (Allen et al. 
2017a). Here, I aim to empirically address several possible explanations for the accelerated 
evolution of male-biased genes that are yet to be explored. The first is a simple quantitative 
genetic explanation. As the response to selection in any trait is proportional to its genetic 
variance and the strength of selection (Fisher 1932; Falconer and Mackay 1996), it is possible 
that male-biased genes evolve faster because they have more genetic variance. Indeed, across 
122 studies spanning a broad range of species and phenotypes, there was skew towards males 
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having more genetic variance than females and the degree of sexual dimorphism in genetic 
variance was positively correlated with the degree of phenotypic sexual dimorphism (Wyman 
and Rowe 2014). Perhaps this extends to genetic variance in expression of male-biased genes 
relative to female-biased genes. 
 
Second, it is possible that male-biased genes evolve faster than other classes of gene because 
they are less genetically constrained by pleiotropy (the degree to which a single gene affects 
multiple traits) (Mank et al. 2008b; Blows and Walsh 2009; Meisel 2011; Assis et al. 2012; 
Innocenti and Chenoweth 2013; McGuigan et al. 2014). Pleiotropy could constrain evolution 
because of widespread multivariate stabilising selection, where, for example, an increase in 
expression of a gene could shift some traits closer to their optima while simultaneously pulling 
other traits away, the so called ‘cost of complexity’ (Fisher 1958; Lande 1980; Waxman and 
Peck 1998; Orr 2000). 
 
The extent to which a gene is pleiotropic has previously been inferred from a quantitative 
measure of tissue-specificity (t) (Yanai et al. 2005; Mank et al. 2008b; Meisel 2011; Assis et al. 
2012) and is the metric I use in this experiment. For example, a gene that is broadly expressed 
across many different organs and tissue types is more likely to affect many different phenotypic 
traits, it would have a low value of t and is therefore considered highly pleiotropic. In contrast, a 
gene that is expressed in, for example, testes but no other tissues, is perhaps likely to affect a 
smaller number of traits. Such a narrowly expressed gene would have a high value of t and 
would not be considered highly pleiotropic. 
 
If pleiotropy is indeed a constraint on the evolution of SBGE, a positive correlation between t 
and the degree of sex-bias is expected and would indicate that the most sex-biased genes tend to 
be the least broadly expressed and therefore least pleiotropic. This has recently been observed in 
a broad range of species including mice (Mus musculus), chickens (Gallus gallus) (Mank et al. 
2008b) and flies (Drosophila melanogaster and Drosophila pseudoobscura) (Meisel 2011). 
While this is a clear sign that pleiotropy likely constrains the further evolution of sex-biased gene 
expression, it remains unknown whether male-biased genes are less constrained by pleiotropy; a 
possible explanation for why male-biased genes can evolve faster. 
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Similarly, the fact that males and females share a genome means that a more specific form of 
pleiotropy - between the two sexes -, may also inhibit sex-specific evolutionary responses and 
slow the evolution of SBGE. When pleiotropy between sexes is strong, any response to selection 
for increased expression in males would also cause expression to increase in females via a 
genetically correlated response (Lande 1980; Lande 1987). Counter-selection in females for 
decreased expression could then constrain SBGE evolution. Between-sex pleiotropy can be 
estimated by a quantitative genetic metric known as the between-sex genetic correlation (r(m,f)). 
Large positive values of r(m,f) indicate a greater contribution to the genetic (co)variance between 
sexes due to pleiotropic alleles that have similar effects on males and females.  
 
The finding of a negative correlation between r(m,f) and the degree of sexual dimorphism 
indicates the likely presence of an evolutionary constraint (Poissant et al. 2010). For example, a 
negative correlation between r(m,f) and SBGE has been found in D. melanogaster (Griffin et al. 
2013). The negative correlation indicates that genes with a lower r(m,f) tend to be more sex-biased 
than genes with a higher r(m,f) and was therefore interpreted as an indication that r(m,f) constrains 
the further evolution of SBGE. However, once again, it was not clear whether the degree of 
constraint was any different for male or female-biased genes.  
 
In a previous experiment, I found that many more male-biased than female-biased genes 
diverged genetically among eight D. serrata populations (Chapter 3) (Allen et al. 2017a). A 
similar result has also been observed among two D. melanogaster populations (Hutter et al. 
2008; Muller et al. 2011; Huylmans and Parsch 2014). Notably, the magnitude of divergence in 
these male-biased genes was greater in males than females. Such sex-specific divergence in gene 
expression ultimately requires population-specific changes in SBGE. Furthermore, despite 
apparent sex-specific divergence, females typically diverged in a similar direction to males, but 
to a lesser degree. It is possible that divergence is primarily driven by selection on males, but 
with expression in females diverging due to correlated responses rather than similar sex-specific 
selection pressures. In this experiment, I further hypothesised that the correlated responses in 
females are due to stronger pleiotropic constraints and I aimed to explore the potential for sex-
specific population divergence in SBGE to be genetically constrained by r(m,f) and t. 
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Here, I assembled an extensive sex-specific gene expression data set (11,631 genes) that 
included a panel of 43 wild-derived inbred lines of D. serrata that originated from a single 
population in Brisbane, Queensland, Australia, a data set for sex-specific gene expression among 
eight wild populations spanning the east-coast of Australia (Chapter 3), and a sex-specific gene 
expression atlas consisting of nine tissues (Chapter 2). With these data sets I aimed to address 
several questions regarding constraints to the evolution of sex-biased gene expression in relation 
to the faster evolution of male-biased genes. First, using the panel of 43 inbred lines I tested 
whether male-biased genes have more genetic variance than female-biased genes. Second, I 
assessed whether male-biased genes are less constrained by tissue specificity (t) and/or the 
between-sex genetic correlation (r(m,f)) than female-biased genes. Third, using data from eight 
wild populations, I investigated whether the degree of population-specific divergence in SBGE 
was also constrained by t and r(m,f).  
4.3 Methods 
4.3.1 Custom Nimblegen 135K Microarray 
A custom microarray was used to assay gene expression of males and females; the design of the 
microarray has been previously described (Chapter 2) (Allen et al. 2013). Briefly, five probes per 
gene (mean of 4.99) were successfully designed for 11,631 ESTs, and each probe was replicated 
twice, giving a total of 116,174 experimental probes. The EST set used to design the microarray 
probes was constructed from a combination of Sanger (Frentiu et al. 2009) and Illumina RNA-
Seq derived-ESTs. The EST sequences used for microarray design (length ≥ 200bp, n= 11,383) 
are available in the Genbank Transcriptome Shotgun Archive (TSA) (GAHN00000000.1 at 
SRA070539) and are a larger set than those originally reported for D. serrata (Frentiu et al. 
2009). 283 ESTs were shorter than the 200bp minimum requirement of the TSA and therefore 
could not be deposited; these are available directly from the authors upon request. The 
chromosomal location of genes on this microarray has also previously been established (Chapter 
2) (Allen et al. 2013). 
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4.3.2 Biological samples, RNA extraction and microarray hybridisation 
Gene expression was measured for three sets of flies. First, a panel of 43 wild-derived inbred 
lines of D. serrata that were sampled from a single population (Brisbane, Queensland, 
Australia), this panel will be referred to as the BrisILs and were used to measure male and 
female gene expression (whole-body), genetic variance for gene expression, and the between-sex 
genetic correlation (r(m,f)). Second, as previously outlined (Chapter 2) (Allen et al. 2013), a 
laboratory stock from the same location was used to produce a sex-specific gene expression atlas 
consisting of several body parts; head (n=4 per sex), thorax (female n=3; male n=4), 
gonadectomised abdomen (n=4 per sex), ovaries (n=3), testes (n=4), and accessory glands (n=4). 
The expression atlas was used to assess whether a gene had sex-limited expression, so as to 
exclude them from further analysis as they are technically not sex-biased, and to measure tissue 
specificity (t, see below). Third, as previously described (Chapter 3) (Allen et al. 2017a), sex-
specific gene expression of eight wild populations was measured to assess potential constraints 
to population-specific divergence in SBGE.  
 
All flies were reared in 50ml vials containing standard yeast medium and maintained at 25°C 
with a 12-hour day/night cycle. Offspring were collected as virgins with the use of light CO2 
anaesthesia and held for three days in same-sex groups of 5 flies. After this time, two replicate 
pools of 30 flies per line/population per sex, and four replicate pools of 100 flies for each tissue 
sample, were snap frozen in liquid nitrogen without the use of CO2 anaesthesia. RNA extractions 
were performed by using the Trizol® procedure followed by RNA isolation using RNeasy 
minikits®. cDNA synthesis, labelling, hybridisation and microarray scanning were performed by 
the Centre for Genomics and Bioinformatics, Bloomington, Indiana. Quality control of the array 
data was performed via the BioConductor ‘oligo package’ using probe level models (Gentleman 
et al. 2004; Carvalho and Irizarry 2010; Draghici 2012) and the experimental metrics report 
provided by NimbleGen. Quality control reduced the BrisILs dataset from n=168 to n=142 
hybridisations. All tissue-specific samples (n=34) passed quality control. The expression data for 
the inbred line and tissue dissections can be found at the NCBI Gene Expression Omnibus under 
GSE45801. From the population divergence dataset, one male population sample from 
Cooktown was excluded due to either a labelling error or female contamination, which reduced 
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this dataset from n=48 to n=47 hybridisations. Expression data for the populations can be found 
under GSE90733. 
4.3.3 Preprocessing 
Common multi-array normalisation methods such as robust multi array normalisation (RMA) 
were not used in this study due to extensive sex-bias which violates of the assumption that most 
genes between samples are not differentially expressed (Irizarry et al. 2006). Instead, expression 
measurements were log2 transformed (Draghici 2012) followed by use of a mixed linear model 
based approach to normalisation (Kerr et al. 2000; Wolfinger et al. 2001; Mecham et al. 2010). 
Model based approaches account for both biological and non-biological sources of variation 
simultaneously and were found to produce unbiased results when the above assumption is 
violated (Mecham et al. 2010). Outlier probes within each sex were identified via Tukey’s 
criteria (t-test p-value < 0.0005) (Draghici 2012) and omitted. Of the 16,496,708 measures of 
expression at the probe level, 1.45% (239,050 probes) were identified as outliers. If only one of 
the two replicate probes within an array was an outlier, the non-outlier replicate was retained. 
4.3.4 Statistical analyses 
4.3.4.1 Identification of sex-limited genes 
It is possible for sex-limited genes (those likely only expressed in one sex) to be defined based 
on a measure of tissue-specificity (Meiklejohn and Presgraves 2012; Meisel et al. 2012a) 
(Chapter 2). For example, genes that are highly specific to a sex-limited tissue such as the testes 
or ovaries, can be classified as male- or female-limited genes respectively. However, with this 
method it is possible that some sex-limited genes will be misclassified if they are, for example, 
broadly expressed across tissues in one sex but not expressed in the other sex. Also, if a sex-
limited gene was expressed at a low level in one or more tissues of a single sex, then it may not 
reach the tissue-specificity threshold. For these reasons, I calculated an expression threshold as 
the mean plus two standard deviations of 2,840,000 random probes (20,000 per array) (mean raw 
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fluorescence =120.8257, sd=136.8326) (Bilban et al. 2002). Using this threshold, genes were 
classified as sex-limited if they were not expressed in any tissue of one sex, but were expressed 
in at least one tissue of the other sex. 177 genes were classified as female-limited using this 
method and 1,435 as male-limited. Most sex-limited genes were highly specific to the gonads as 
previously reported (Chapter 2) (Allen et al. 2013). 
4.3.4.2 Gene expression tissue-specificity (τ) 
Tissue specificity has been used as a proxy for pleiotropy based on the assumption that genes 
expressed in a large number of tissues are more likely to affect multiple traits than genes 
expressed in small number of tissues (McShea 2000; Mank et al. 2008b). Using my D. serrata 
sex-specific gene expression atlas (Chapter 2), I quantified tissue specificity;  
 𝜏 = 	 ∑ %& '(6')*+,(-./&%  [1], 
 
where Eij is mean expression of tissue i in sex j and Emax is the maximum tissue-specific mean 
expression across all tissues (Yanai et al. 2005). 
4.3.4.3 Sex-biased gene expression 
The following gene specific bivariate mixed effects model was used to simultaneously assess 
sex-bias, estimate male and female genetic variances, and the between-sex genetic correlation 
(r(m,f)): 
  
expression = sex + batch + line + ε  [2], 
 
where, expression = 7 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛34?@𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛A@34?@B, sex and batch are fixed effects where sex accounts for 
mean differences in expression between males and females and batch accounts for mean 
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difference between two batches of microarray processing, and line was the random effect that 
estimated male and female genetic variance (Vg(m) and Vg(f) respectively) and the between-sex 
genetic correlation (r(m,f)) where line = 7𝑉D(3) 𝑟GH𝑟GH 𝑉D(A)B. The random error term, ε, was fit 
separately in males and females as a diagonal matrix and does not include a between-sex 
covariance term	because no individuals can be simultaneously male and female. 
 
Sex-bias in gene expression was measured as mean log2male – mean log2female expression 
where mean male and female expression were estimated from the fixed effect of sex in model [2] 
using the DIFF option of the LSMEANS statement in PROC MIXED from SAS version 9.3 
(Saxton 2004). It has been pointed out by Stewart et al. (2010) that in high powered experiments 
such as this, many genes classified as sex-biased based on statistical tests alone may be 
misleading and biologically irrelevant. For this reason, I only classified genes as sex-biased if 
there was at least a 2-fold expression difference between the sexes (Mank et al. 2008). 
4.3.4.4 Broad-sense heritability (H2) and the between-sex genetic correlation (r(m,f)) 
Genetic variances were tested for a difference from zero using likelihood ratio tests (LRTs) 
(Saxton 2004). Likewise, LRTs were used to test r(m,f) for a difference from zero. A false 
discovery rate threshold was set at 5% (Benjamini and Hochberg 1995). Sex-specific broad-
sense heritabilities were calculated as the proportion of the total within sex phenotypic variance 
(Vp) that was attributable to the sex-specific genetic variance (for example, Vg(m) / Vp(m), where 
Vp(m) = Vl(m) + Ve(m)) (Falconer and Mackay 1996).  
4.3.4.5 Correlations between SBGE and constraint metrics 
Relationships between sex-biased gene expression and the potential pleiotropic constraints 
measured via either r(m,f) or τ were assessed via Spearman’s rank correlations, which are 
nonparametric and importantly not reliant on normally distributed variables. A negative 
relationship between r(m,f) and sex-bias or between r(m,f) and sex-specific population divergence 
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would be indicative of an evolutionary constraint (Lande 1980; Lande 1987; Griffin et al. 2013), 
as would a positive relationship for τ (Mank et al. 2008). 
4.3.4.6 Population divergence in sex-biased gene expression 
Population divergence in gene expression has been previously assessed (Chapter 3) (Allen et al. 
2017a). Briefly, the following fixed effects model was used to assess divergence in SBGE 
between populations;  
 
expression = sex + pop + sex × pop + error  [3], 
 
Expression of each gene was standardised to a mean of zero and unit variance [~N(0,1)] across 
the entire data set so that divergence level could be compared between genes. In this model, the 
sex × pop interaction was used to test whether any divergence among populations was sex-
specific. It was assessed via Type III Tests (Littell 2006) and multiple test corrected to a false 
discovery rate of 5% (Benjamini and Hochberg 1995).  
 
To assess constraints on sex-specific population divergence, the magnitude of divergence was 
measured using a local effect size known as Cohen’s f 2 (see [4] below) for the sex × pop 
interaction from model [3] and correlated with between-sex (r(m,f)) and between-trait pleiotropy 
(t); 
 
f 2 = (R2AB - R2A ) / (1 - R2AB )          [3], 
 
where B is the fixed effect of interest (sex × pop), A represents all other variables, R2AB is the 
proportion of variance accounted for by A and B together, and R2A is the proportion of variance 
accounted for by A. Therefore, the numerator of [3] is the proportion of variance accounted for 
by the sex × pop interaction, beyond all other factors (Cohen 1988). 
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4.4 Results 
4.4.1 Sex-biased and sex-limited gene expression 
Much of the transcriptome in D. serrata appeared sex-biased in the panel of 43 inbred lines from 
Brisbane (BrisILs). Initially I identified 5,839 sex-biased genes and it appeared as though there 
were more male-biased genes (3,274) than female-biased genes (2,565), as has been reported for 
several other Drosophila species (Zhang et al. 2007). However, although the majority of genes 
were expressed in both sexes (8,331), a large number of genes were male-limited (expressed in 
males only); 1,435 genes were classified as male-limited and a much smaller number (177) were 
classified as female-limited. After sex-limited genes were excluded from the BrisILs data set, 
there were actually more female-biased (2,450) than male-biased genes (2,004). Similar results 
were previously found for the eight natural populations of D. serrata (Chapter 3) (Allen et al. 
2017a). 
4.4.2 Broad-sense heritability (H2) of gene expression  
Transcript abundance of most genes was indeed heritable, that is, the genetic variance 
component of model [2] was significantly greater than zero. At a false discovery rate of 5%, 
7,819 (76.5%) of the genes expressed in males (co-expressed plus male-limited) were heritable 
(mean = 0.61, median = 0.60, sd = 0.15). Similarly, 6,386 (74.1%) of the genes expressed in 
females (co-expressed plus female-limited) were heritable (mean = 0.62, median = 0.60, sd = 
0.15). Of the genes expressed in both sexes (co-expressed genes), 6,147 (73.8%) were heritable 
in males, and 6,151 (73.8%) were heritable in females, 4,927 (59.1%) were heritable in both 
sexes. The co-expressed genes that were heritable in both sexes were used in the following 
analyses of genetic constraints on the evolution of SBGE.  
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4.4.3 Do male-biased genes have more genetic variance? 
The rate of evolutionary change is proportional to the genetic variance and the strength of 
directional selection (Fisher 1932). Therefore, a possible explanation for the accelerated 
evolution of male-biased gene expression is that male-biased genes have more genetic variance. I 
found this to be the case in both males and females (Figure 4.1). In the panel of inbred lines, 
male-biased genes had on average higher (mean standardised) genetic variance than female–
biased genes. This was the case regardless of whether male-biased genes were expressed in 
males (F1,2367 = 88.582, p = 1.12e-20) or females (F1,2367 = 186.31, p = 6.89e-41). 
4.4.4 Correlation between tissue specificity (τ) and SBGE 
A positive correlation between τ and SBGE has previously been used to infer that pleiotropy 
constrains the evolution of SBGE (Mank et al. 2008b), that is, sex-biased genes tend to be less 
pleiotropic. However, I do not yet know whether this correlation is weaker for male-biased 
genes, a possible explanation for their faster evolution. Although mean τ was very similar for 
male-biased (0.6679) and female-biased genes (0.6677), there was in fact a difference in the 
strength of the correlation τ and sex bias (figure 4.2). While a moderate to strong positive 
correlation between sex-bias and τ for both male-biased and female-biased genes, the correlation 
was considerably weaker for male-biased genes (Spearman’s ρ = 0.31, p = 1.1e-27, n = 1,165) 
than female-biased genes (Spearman’s ρ = 0.58, p = 9.7e-109, n = 1,204). However, it was 
possible that the inclusion of sex-limited tissues (accessory glands, testes, and ovaries) upwardly 
biased the positive relationships between τ and SBGE (Meisel 2011). For this reason, I 
recalculated τ after omitting the sex-limited tissues. The positive correlations remained, albeit 
somewhat weaker, as did the weaker correlation for male-biased genes relative to female-biased 
genes (male-biased, Spearman’s ρ = 0.17, p = 4.9e-09, n = 1,165; female-biased, Spearman’s ρ = 
0.41, p = 1.7e-49, n = 1,204). 
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Figure 4.1; There was more genetic variance for expression of male-biased genes than female-
biased genes. Error bars are 95% confidence intervals. 
4.4.5 Correlation between the between-sex genetic correlation (r(m,f)) and SBGE 
While a negative correlation between r(m,f) and SBGE suggests that between-sex pleiotropy 
constrains the evolution of sex-bias (Griffin et al. 2013), it is not known if the correlation for 
male-biased genes is weaker. r(m,f) for heritable co-expressed genes in the D. serrata BrisILs had 
a mean of 0.44, median of 0.46, and standard deviation of 0.31 (figure 4.3), and there was a 
significant and moderate negative correlation between r(m,f) and sex-bias for male-biased genes, 
however, the correlation between the magnitude of female-bias and r(m,f) could not be 
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distinguished from zero (figure 4.4) (male-biased Spearman’s ρ = -0.12, n = 1,165, p = 3.736e-05; 
female-biased Spearman’s ρ = -0.008, n = 1,204, p = 0.7663). 
 
 
Figure 4.2; Overall, tissue specific (τ) was strongly correlated with absolute magnitude of sex-
biased gene expression. However, the correlation between τ and sex-bias was weaker for male-
biased genes relative to female-biased. Grey points are the estimates of τ for each gene. The red 
boxplots are the distribution for female-biased genes (A) and the blue boxplots for male-biased 
genes (B). 
4.4.6 Correlation between sex-specific population divergence in gene expression and both τ and 
r(m,f) 
I previously found that while population-specific changes in SBGE resulted in sex-specific 
population divergence, much of the divergence occurred for male-biased genes and was also 
stronger on males, with females diverging in a similar albeit muted manner (Chapter 3) (Allen et 
al. 2017a). It was hypothesised that such an observation (similar but muted divergence in females 
for male-biased genes) could be made if sex-specific divergence was constrained, perhaps by 
tissue specificity (τ) and/or the between-sex genetic correlation for gene expression (r(m,f)). I 
tested this prediction by correlating the magnitude of sex-specific divergence (Cohen’s f 2) with τ 
and r(m,f). 
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Figure 4.3; Histogram of the between-sex genetic correlation (r(m,f)) for genes that were heritable 
and expressed in both sexes (co-expressed genes). 
 
 
Figure 4.4; There was a negative correlation between r(m,f) and sex-bias for male-biased but not 
female-biased genes. Grey points are REML estimates of r(m,f) for each gene. The red boxplots 
are the distribution for female-biased genes (A) and the blue boxplots for male-biased genes (B). 
Consistent with the prediction, τ was positively associated with sex-specific population 
divergence in SBGE, the strength of the constraint was moderate and similar on male-biased and 
female-biased genes (Figure 4.5) (male-biased Spearman’s ρ = 0.11, n = 1,165, p = 0.0001; 
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female-biased Spearman’s ρ = 0.14, n = 1,204, p = 2.248e-06). In contrast, using the more 
conservative test where τ was measured with sex-limited tissues excluded (see above), suggested 
that sex-specific divergence in male-biased genes may in fact be weakly constrained by τ and 
actually less constrained than female-biased genes (male-biased Spearman’s ρ = 0.045, n = 
1,165, p = 0.12; female-biased Spearman’s ρ = 0.072, n = 1,204, p = 0.013). 
 
Also consistent with the prediction, r(m,f) was negatively correlated with the strength of sex-
specific divergence in SBGE (figure 4.5), here male-biased genes were considerably more 
constrained than female-biased genes (figure 4.6) (male-biased Spearman’s ρ = -0.21, n = 1,165, 
p = 6.34e-13; female-biased Spearman’s ρ = -0.08, n = 1,204, p = 0.005).  
 
 
Figure 4.5; A positive correlation between tissue specificity (τ) and sex-specific population 
divergence in SBGE was similar for male-biased genes and female-biased genes. Grey points are 
the estimates r(m,f) for each gene. The red boxplots are the distribution of sex-specific divergence 
for female-biased genes (A) and the blue boxplots for male-biased genes (B). 
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Figure 4.6; The negative correlation between the between-sex genetic correlation (r(m,f)) and sex-
specific divergence was stronger on male-biased genes. Grey points are the estimates r(m,f) for 
each gene. The red boxplots are the distribution of sex-specific divergence for female-biased 
genes (A) and the blue boxplots for male-biased genes (B). 
4.5 Discussion 
An intriguing observation related to sex-biased gene expression (SBGE) is that male-biased 
genes evolve at a relatively rapid rate compared to female-biased genes (Meiklejohn et al. 2003; 
Ranz et al. 2003; Khaitovich et al. 2005; Ellegren and Parsch 2007; Voolstra et al. 2007; Zhang 
et al. 2007; Grath et al. 2009; Jiang and Machado 2009; Parsch and Ellegren 2013). Although 
this may be caused by stronger selection, weaker evolutionary constraints and/or greater genetic 
variance, in this experiment I examined the latter two and comparatively unexplored 
explanations. 
4.5.1 Male-biased genes have higher evolvability 
Because the potential evolutionary response to selection is proportional to the strength of 
selection and the magnitude of heritability (Fisher 1932), the evolvability of a trait is 
proportional to the additive genetic variance (Houle 1992; Hansen and Houle 2008). Therefore, 
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if the strength of selection was equal on male-biased and female-biased genes, but there was 
more genetic variance for male-biased genes, male-biased genes could respond faster and 
subsequently evolve faster. Note that greater genetic variance only indicates that male-biased 
genes have more evolutionary potential and is not indicative of an adaptive explanation. I found 
this to be the case in D. serrata, genetic variance in gene expression for male-biased genes was 
on average greater than for female-biased genes (Figure 4.1). While it was possible that this 
pattern was due to males in general having more genetic variance than females, a pattern 
observed in a large survey of the literature (Wyman and Rowe 2014), this did not appear to be 
the case in D. serrata where females appear to have more genetic variance for gene expression 
(Figure 4.1). It is not known whether Vg being greater for male-biased genes than female-biased 
genes will be replicated in other species however it can be seen in supplementary material of a 
similar sized experiment on D. melanogaster (Ayroles et al. 2009) that heritability of male-
biased genes was similar to female-biased genes. Unfortunately, similar heritability does not 
necessarily imply similar genetic variance and so these data will need further reanalysis to permit 
reliable comparison to D. serrata.  
4.5.2 Pleiotropic constraints within a population  
Pleiotropy, where a single gene is involved in two or more biological functions, adds complexity 
to the response to selection because a mutation could be simultaneously beneficial for one trait 
but at the same time detrimental to another (Fisher 1958; Lande 1980; Waxman and Peck 1998; 
Orr 2000). It has previously been shown in mice (Mus musculus), chickens (Gallus gallus) 
(Mank et al. 2008b), and flies (Drosophila melanogaster and Drosophila pseudoobscura) 
(Meisel 2011; Assis et al. 2012), that sex-biased genes tend to be less pleiotropic than unbiased 
genes, a suggestion that pleiotropy might constrain the evolution of sex-biased gene expression. 
Therefore, one possible explanation for the rapid evolution of male-biased genes is that they are 
less constrained by pleiotropy. I found this to be the case in D. serrata. Although there was 
practically no difference in the magnitude of pleiotropy as measured by tissue specificity (t), I 
found that the correlation between t and sex-bias was considerably weaker for male-biased genes 
in D. serrata, an indication that male-biased genes are less constrained by pleiotropy than 
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female-biased genes. This result is in contrast to that observed in D. melanogaster (Meisel 2011), 
where t was considerably greater for male-biased genes than female-biased genes, as was the 
correlation between t and sex-bias for male-biased genes. This result was likely due to the 
inclusion of sex-limited genes as sex-biased, which would have upwardly biased t and the 
correlation for male-biased genes. When gonadectomised flies were compared by Meisel (2011) 
the results were comparable to my own, likely due to the exclusion of many sex-limited genes 
when sex-limited tissues were excluded.   
 
When two sexes are involved, there is another form of pleiotropy that could constrain the 
evolution of sex-biased gene expression, that being between-sex pleiotropy, where a gene 
simultaneously effects a trait in males and females. Recall that the degree of between-sex 
pleiotropy can be quantified by the between-sex genetic correlation (r(m,f)) (Lande 1980; Lande 
1987) where r(m,f) ranges from zero to +/- one and a r(m,f) of zero would indicate no between-sex 
pleiotropy whereas a correlation of one would indicate an identical genetic basis in males and 
females. Although results from studies examining r(m,f) as a constrain to higher order sexually 
dimorphic phenotypes such as morphologies or behavioural traits have been mixed (Cowley et 
al. 1986; Cowley and Atchley 1988; Preziosi and Roff 1998; Bonduriansky and Rowe 2005; 
McDaniel 2005; Ashman and Majetic 2006; Fairbairn and Roff 2006; Leinonen et al. 2011), this 
may be due the lower power afforded by the use of relatively few traits in each species (Poissant 
et al. 2010). In contrast, sex-biased gene expression allows r(m,f) as a constraint to be tested for 
thousands of traits in a single species. Indeed, a highly statistically significant constraint was 
detected in D. melanogaster (Griffin et al. 2013). What I wanted to know was whether such a 
constraint was weaker on male-biased genes than female-biased genes. 
 
While the overall the strength of r(m,f) in D. serrata was comparable to that observed in D. 
melanogaster (Ayroles et al. 2009; Griffin et al. 2013), it was apparent that r(m,f) was on average 
lower for female-biased genes than male-biased genes (Figure 4.4) (Mann–Whitney test: W(2448, 
2283) = 2,099,300, P = 1.3e-81), why this is the case is unclear. It is expected that genes measured 
with poor precision will bias the estimate of r(m,f) downwards and assuming that the proportion of 
total variance explained by genetic variance (heritability) is a good approximation for precision, 
this appeared to be the case in D. melanogaster where heritability was indeed positively 
77 
 
correlated with r(m,f) (Griffin et al. 2013). I too found a positive correlation between average 
heritability across the sexes and r(m,f) for both female-biased (Spearman’s rho = 0.25, p = 2.3e-37) 
and male-biased genes (Spearman’s rho = 0.33, p = 5.1e-58), and found that heritability was on 
average slightly lower for female-biased genes (60%) relative to male-biased genes (66%) 
(Mann-Whitney test: W(2448, 2283) = 1,896,100, P = 1.3e-49). It is possible that r(m,f) for female-
biased genes appears lower simply because measurements of expression were less precise than 
male-biased genes. Alternately, it is possible that mutations lowering r(m,f) have accumulated 
more readily for female-biased genes than male-biased genes. Why this difference in mutation 
accumulation might occur is not obvious. Perhaps selection on female-biased genes has been 
more stable over time thus allowing favourable mutations to more easily accumulate. For 
instance, under the assumption that sexual selection is stronger on male-biased genes, it can be 
expected that selection on male-biased genes will vary more spatially and temporally (West-
Eberhard 1983; Svensson and Gosden 2007) than natural selection on female-biased genes. 
Interestingly, this lower r(m,f) for female-biased genes may help explain my finding that between-
sex pleiotropy was a weaker constraint on female-biased genes, not male-biased genes. While 
male-biased genes were constrained by r(m,f), the evidence for between-sex pleiotropy 
constraining female-biased genes was tentative at best (Figure 4.4). Given that male-biased genes 
are likely more important for male fitness than female fitness (Connallon and Clark 2011a), this 
result suggests that the constraint to the evolution of SBGE imposed by r(m,f) is more important 
for males.  
4.5.3 Constraints on population divergence 
I previously found that gene expression divergence was extensive among eight natural 
populations of D. serrata and that the vast majority of divergence appeared to occur for male-
biased genes (Chapter 3) (Allen et al. 2017a). Furthermore, divergence was typically of a greater 
magnitude in males than females. Such sex-specific divergence ultimately requires population-
specific changes in SBGE. I hypothesised that females were diverging in a similar manner to 
males, albeit muted, due to pleiotropic constraints, in particular between-sex pleiotropy. For 
example, if between-sex pleiotropy (r(m,f)) for expression of a gene is high then sex-dependent 
evolution will be limited regardless of the strength of sex-specific selection (Lande 1980; Lande 
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1987). In this study, I found that both forms of pleiotropy tested (τ and r(m,f)), were constraints to 
sex-specific population divergence in gene expression. In particular, similar to the within 
population examination of constraints to SBGE evolution, the correlation between divergence 
and r(m,f) was stronger on male-biased genes. This provides some support for the hypothesis that 
divergence is driven by selection on males and that females diverge in a similar manner due to 
pleiotropic constraints rather than similar sex-specific selection pressures (Chapter 3) (Allen et 
al. 2017a). 
4.5.4 Conclusion 
In summary, I have shown that despite the evolution of SBGE in D. serrata, pleiotropic 
constraints are apparent. Second, there was support for the hypothesis that the rapid evolution of 
male-biased genes can partially be explained by higher genetic variance and a weaker overall 
pleiotropic constraints (τ). However, this was not the case for between-sex pleiotropy (r(m,f)). In 
fact, I found that although r(m,f) appears to be a constraint for male-biased genes, the constraint is 
not apparent for female-biased genes (at best it appeared very weak). I have also highlighted that 
care must be taken when focussing on sex-biased genes so as not to bias interpretation with 
inclusion of sex-limited genes. Lastly, I have shown that not only r(m,f), but also τ, appear to be 
constraints to sex-specific population divergence in gene expression, and that a between-sex 
pleiotropic constraint to sex-specific divergence supports the idea that divergence is driven by 
selection on males (Chapter 3) (Allen et al. 2017a) with females diverging in a similar manner 
due to r(m,f).  
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Chapter 5 - Sexual selection on spontaneous mutations strengthens the between-sex genetic 
correlation for fitness 
Published as; Allen, S. L., K. McGuigan, T. Connallon, M. W. Blows, and S. F. Chenoweth. 
2017. Sexual selection on spontaneous mutations strengthens the between-sex genetic correlation 
for fitness. Evolution. doi:10.1111/evo.13310 
5.1 Abstract 
A proposed benefit to sexual selection is that it promotes purging of deleterious mutations from 
populations. For this benefit to be realised, sexual selection, which is usually stronger on males, 
must purge mutations deleterious to both sexes. Here, I experimentally test the hypothesis that 
sexual selection on males purges deleterious mutations that affect both male and female fitness. I 
measured male and female fitness in two panels of spontaneous mutation-accumulation lines of 
the fly, Drosophila serrata, each established from a common ancestor. One panel of mutation 
accumulation lines limited both natural and sexual selection (LS lines), whereas the other panel 
limited natural selection, but allowed sexual selection to operate (SS lines). Although mutation 
accumulation caused a significant reduction in male and female fitness in both the LS and SS 
lines, sexual selection had no detectable effect on the extent of the fitness reduction. Similarly, 
despite evidence of mutational variance for fitness in males and females of both treatments, 
sexual selection had no significant impact on the amount of mutational genetic variance for 
fitness. However, sexual selection did reshape the between-sex correlation for fitness: 
significantly strengthening it in the SS lines. After 25 generations, the between-sex correlation 
for fitness was positive but considerably less than one in the LS lines, suggesting that, although 
most mutations had sexually concordant fitness effects, sex-limited and/or sex-biased mutations 
contributed substantially to the mutational variance. In the SS lines this correlation was strong 
and could not be distinguished from unity. Individual-based simulations that mimick the 
experimental setup reveal two conditions that may drive my results: (1) a modest-to-large 
fraction of mutations have sex-limited (or highly sex-biased) fitness effects, and (2) the average 
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fitness effect of sex-limited mutations is larger than the average fitness effect of mutations that 
affect both sexes similarly. 
5.2 Introduction 
Given the potentially high ‘costs of sex’ (Maynard Smith 1971; Lehtonen et al. 2012), the 
prevalence of sexually reproducing species is an intriguing phenomenon. Sexual reproduction is 
by far the most common form of reproduction in animal species (Hartfield and Keightley 2012), 
suggesting that the costs of sex must be repaid in some way. One hypothesised advantage of 
sexual reproduction is that it helps purge deleterious mutations (Muller 1932; Fisher 1958; 
Lynch et al. 1995). For instance, in asexual populations, each deleterious mutation can only be 
purged through the extinction of lineages that harbour them. In contrast, recombination during 
sexual reproduction generates genotypes that carry multiple, independent deleterious mutations, 
and leads to an enhanced efficiency of selection in purging deleterious alleles from the 
population (Kimura and Maruyama 1966; Felsenstein 1974; Kondrashov 1982, 1988). Another 
possible advantage to sexual reproduction, is that recombination increases genetic variance for 
fitness – as well as evolvability – in the face of continuously changing environmental conditions 
(Otto and Lenormand 2002). These advantages can apply to a broad range of sexually 
reproducing organisms, including dioecious, isogamous or hermaphroditic species. Yet, for 
dioecious species, there may be additional advantage to sexual reproduction: the operation of 
sexual selection. 
 
Sexual selection may increase the efficiency with which deleterious mutations are purged 
(Manning 1984; Whitlock 2000; Agrawal 2001; Siller 2001; Rice 2002; Whitlock and Agrawal 
2009). For instance, sexual selection may purge deleterious mutations simply because 
individuals that have the lowest fertilization success are also likely to carry more deleterious 
mutations (Whitlock 2000). However, direct evidence for such a benefit from sexual selection is 
rare and studies of individual large-effect mutations (Hollis et al. 2009; Arbuthnott and Rundle 
2012) and multiple induced mutations (Radwan 2004; Hollis and Houle 2011; Almbro and 
Simmons 2014; Power and Holman 2015) have produced mixed results. To date, very few 
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studies have explored the effect of sexual selection on spontaneously occurring mutations, and 
here too results have been mixed (Radwan 2004; Lumley et al. 2015).  
 
A complication to the idea that sexual selection has an advantageous effect on mutation 
accumulation, is whether sexual selection, which primarily acts on males in the majority of 
species, purges mutations that affect fitness in both sexes (Rice and Chippindale 2002; Tomkins 
et al. 2004; Morrow et al. 2008; Whitlock and Agrawal 2009). For this to occur, mutations 
detrimental to male reproductive success must also have detrimental pleiotropic effects on 
female fitness. If not, sexual selection may purge mutations that are detrimental to male fitness 
but provide little to no benefit to females. Furthermore, sexual selection on males could in fact be 
detrimental to females if mutations have sexually antagonistic fitness effects (Bonduriansky and 
Chenoweth 2009; van Doorn 2009; Pennell and Morrow 2013). For example, if a mutation has a 
positive effect on male mating success, but a negative pleiotropic effect on female fitness, sexual 
selection could cause such a mutation to accumulate despite being detrimental to females (Rice 
and Chippindale 2002; Pischedda and Chippindale 2006; Whitlock and Agrawal 2009; Hollis 
and Houle 2011). Theory suggests that even a minor amount of sexually antagonistic fitness 
variation may be sufficient to erode any fitness benefit of sexual selection (Connallon et al. 
2010). 
 
The relative frequency with which sexually antagonistic mutations arise compared to sexually 
concordant or sex-limited mutations is currently unclear, though several experiments conducted 
on Drosophila melanogaster have provided some insight. Connallon and Clark (2011a) found, 
for a non-random subset of deleterious mutations with relatively strong fitness effects, that most 
genes mutate to alleles that harm both sexes. Similarly, spontaneous mutation accumulation 
assays, which focus on a broader spectrum of mutational effects, have revealed positive but weak 
between-sex mutational correlations (rM(m,f)) for fitness (Mallet et al. 2011; Sharp and Agrawal 
2013), an indication that most, but not all, mutations have similar effects on fitness in both sexes. 
Combined, these studies suggest that mutations typically have sexually concordant fitness 
effects, raising the possibility that sexual selection on males may purge mutations deleterious in 
both sexes. However, because rM(m,f) is a summation across many individual mutations (as is its 
standing variance analogue, rA(m,f)), it is likely that three classes of mutation – sex-limited, 
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sexually concordant, and/or sexually antagonistic – have contributed to these weak but positive 
estimates (Lande 1980; Lande 1987). If sexual selection were allowed to operate during the 
Drosophila mutation accumulation experiments above (Mallet et al. 2011; Sharp and Agrawal 
2013), it seems reasonable to expect that sexually antagonistic mutations could accumulate and 
diminish any benefits of sexual selection in purging deleterious mutations.  A result consistent 
with this idea was seen in a sex-limited experimental evolution study on D. melanogaster 
(Morrow et al. 2008). However, because the populations used in this study were founded from an 
outbred stock, it remains unclear whether the result was indeed due to new sexually antagonistic 
mutations or to pre-existing sexually antagonistic genetic variation. 
 
My goal in this study was to test the idea that sexual selection on males purges naturally 
occurring deleterious mutations that affect both male and female fitness, rather than only 
benefiting males or perhaps causing harm to females due to the accumulation of sexually 
antagonistic mutations. I approached this problem by measuring both male and female fitness in 
two sets of spontaneous mutation accumulation lines in the fly Drosophila serrata that were 
previously established by McGuigan et al. (2011). In one set of lines, the operation of natural and 
sexual selection was greatly reduced during mutation accumulation, whereas in the other set, 
precopulatory sexual selection on males was allowed to operate under otherwise identical 
conditions. By comparing means, mutational variances, and the between-sex mutational 
correlations for fitness between these two experimental treatments, I was able to test how sexual 
selection influences the accumulation of new mutations in both sexes. 
5.3 Materials and Methods 
5.3.1 Mutation accumulation: 
The complete details of the mutation accumulation (MA) experiment, on which my assays were 
performed, were previously described by McGuigan et al. (2011). Briefly, a single ancestral 
inbred line of Drosophila serrata was split into 200 sub-lines. One hundred lines were 
maintained as classic mutation accumulation lines (Mukai 1964), hereafter referred to as the 
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limited-selection (LS) lines, where each line was propagated from generation to generation via a 
single, randomly selected pair of full-sib mates. The random selection of full-sib mates caused all 
forms of selection to be greatly reduced, which allowed spontaneous mutations to be fixed or lost 
mainly by drift (Mukai 1964; Halligan and Keightley 2009). The remaining 100 MA lines 
received a sex-specific sexual selection treatment and are referred to as the sexual selection (SS) 
lines. For the SS lines, females were allowed to choose a single mate out of four full-sibling 
brothers, thereby keeping the effective population size equal between the SS and LS lines. To 
inhibit the accumulation of new deleterious mutations in the ancestral founding line, it was 
maintained with all forms of selection operating at a population size of approximately 250 
individuals. All flies were reared on a standard yeast medium with a 12-hour light day cycle at 
25°C. Mutation accumulation operated for 25 generations prior to estimation of sex-specific 
adult fitness. 
 
One limitation of my study concerns the number of generations of inbreeding prior to the 
establishment of the MA lines, which at 13 generations, was somewhat lower than some MA 
studies (e.g. Mackay et al. 1992; Houle et al. 1994). A possible consequence is that the among 
MA line variation could potentially include some residual standing variation. While I cannot 
exclude this possibility completely, I note that previous empirical studies of the experimental 
lines suggest predominantly mutational variation underlies the among lines. First, McGuigan et 
al. (2011), analysed among-line variation in male mating success in generation 1 of mutation 
accumulation, and could not detect any significant among-line variation, a result that would be 
not expected if there were appreciable levels of residual standing variation. Further, analysis of 
11,604 gene expression traits among the LS lines demonstrated that only 533 genes had 
significant among-line variance (5% FDR) as compared to a parallel study of inbred lines from a 
natural population, for which 8782 genes had significant among-line variance (5% FDR).  
 
I also take a theoretical perspective on this issue by estimating the expected fraction of among 
line variation that is due to new mutations after 27 generations of mutation accumulation. First, 
the expected inbreeding coefficient after 13 generations of full-sib mating using the recurrence 
equation (Falconer and Mackay 1996 eq. 5.9), is F13 = 0.9398.  Second, the starting VA at 
generation 13 is expected to be, G13 = (1 - F13)h2 = (1 – 0.9398) × 0.1 = 0.00602, where I have 
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assumed a narrow sense heritability for fitness of 0.1, to reflect the higher environmental 
variance typical of fitness components (Houle 1992). Third, Houle et al. (1994) report mutational 
heritabilities (hm2) for fitness-related traits in Drosophila melanogaster (male mating ability, 
longevity, productivity, and fecundity) that range from 0.8 × 10-3 up to 3.7 × 10-3 with a mean 
value of 1.61 ×  10-3.  After 27 generations (t) of mutation accumulation, the among line 
variance due to new mutations should be: 2thm2Ve = 2 × 27 × 0.00161 × 0.9 = 0.078246, where 
Ve = 1- h2. Thus the fraction of the among line variance that is mutational at the time of the 
fitness assay would be 0.078246/(0.078246 + 0.00602) = 0.92, or 92%. These approximations 
are sensitive to both assumed mutational and narrow-sense heritabilities of the trait of interest; 
lower fractions are expected for traits with either lower mutational or higher narrow-sense 
heritabilities or both.  
5.3.2 Male and female fitness assay: 
To assay male and female fitness in the MA lines, I competed MA flies against flies from a 
standard competitor line. The competitor line was the ancestral line that had been phenotypically 
marked with a recessive eye-color mutation (orange) via 10 generations of backcrossing. After 
25 generations of mutation accumulation, 54 LS lines and 59 SS lines were assayed for fitness 
(competitive reproductive success). For each fitness assay, two randomly chosen flies of one sex 
from an MA line were placed into a vial with four randomly chosen competitor flies (two per 
sex). All flies were virgin adults (five to six days of age). A limited amount of live yeast (~1 
microgram) was supplied to each 10 ml fly rearing vial, a resource that is positively correlated 
with female fecundity in D. serrata (Chenoweth et al. 2007), and that females were expected to 
compete for. Mating was allowed to occur for four days, a time frame that matched the mutation 
accumulation protocol.  
 
I set up six replicate fitness assays for each sex within each MA line, on average 5.6 of these 
trials produced offspring. Trials were removed from the data set if any of the flies died during the 
four-day period or if only one replicate trial within a line produced offspring. 1330 trials on 113 
MA lines were in the final MA data set (a further 57 ancestral line trials are included in the raw 
data files). All emerging offspring were collected from each assay vial, the first day of 
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emergence was 12 days post-setup, offspring were collected every second day onwards and no 
emergence occurred after day 16. A total of 131,688 offspring were scored for sex and eye-
colour.  
5.3.3 Sex-specific fitness decline: 
The decrease in mean fitness, where fitness was represented as the ratio of the numbers of red- to 
orange-eyed flies in each mating trail, was calculated as,  
ΔM =  1 − L G(G*,MNOPQRS , where 𝑀1 is mean fitness of line 𝑖 and 𝑀4UV@WXYZ is mean fitness of the 
same sex ancestor (Mallet et al. 2011; Sharp and Agrawal 2013). ΔM was then expressed on a 
per-generation scale by dividing it by the number of generations (Lynch and Walsh 1987, p341). 
Ninety-five percent confidence intervals for ΔM were estimated via bootstrapping (10,000 
resamples of lines within treatments with replacement) (Azevedo et al. 2002b).     
5.3.4 Quantitative genetic analysis: 
I used linear mixed-effects models to compare fitness between sexes and treatments and to 
estimate the among-line variance and between-sex genetic correlations for fitness. Here, fitness 
of each MA line was expressed as the log10 ratio of red-eyed to orange-eyed offspring. A value 
of one was added to each count to prevent values being undefined when zeros were observed. All 
models were fit using either the MIXED or GLIMMIX procedures in SAS version 9.4 (SAS 
Institute 2013). To compare means between treatments and sexes I fit the model,  
 
ω  = µ + Sex + Treatment + Sex  × Treatment + Line(Treatment) + Vial(Line(Treatment)) + ε , [1] 
 
and tested the fixed main effects of sex and treatment and their interaction using Satterthwaite’s 
approximation for denominator degrees of freedom. The effect of Vial refers to the vial in which 
a focal fly developed before being used in a fitness assay and accounts for any potential inflation 
of the Line effect caused by a common developmental environment. To test for differences in the 
among line variances between sexes, treatments, and the genetic correlations between treatments, 
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I fit a bivariate mixed effects model using REML estimation in the GLIMMIX procedure of 
SAS:   
    ω = µ + Line + Vial(Line) + ε,     [2] 
where, male and female fitness are treated as different traits and the residual term, ε, is a 2 × 2 
diagonal matrix with variances along the diagonal but no covariance term on the off-diagonal. 
This diagonal structure is required because no between-sex covariance can be estimated at the 
residual level, because a fly cannot be both male and female. I used the GROUP statement to fit 
separate variances and correlations for each treatment.  I initially split the random effects in the 
model by treatment at the levels of Line, Vial, and residual. However, splitting the Vial term 
between treatments resulted in unstable parameter estimates and AIC values indicated a model 
where vial was not split between treatments was a better fit to the data than the split model (split: 
AIC = 1998.14, combined: AIC = 1986.50) but with almost equal -2log likelihood values (LRT 
χ2 = 0.36, d.f. = 3, p = 0.95). This behaviour is expected as the large number of vials were 
randomly allocated across lines regardless of their treatment and the entire fitness assay was 
conducted in the laboratory at the same time. I therefore performed all further hypothesis testing 
on a model where Line and residual terms were split between treatments.  
 
I used the COVTEST feature in GLIMMIX to perform different likelihood ratio tests. The 
significance of the among line (VB) male and female variance components in each treatment  
(H0: VB = 0, H1: VB > 0) were evaluated using likelihood ratio tests, where parameters of interest 
(e.g. VB(m) or VB(f)) were constrained to equal zero under the null hypothesis (Shaw 1991; Fry 
2004). A similar approach was used to test whether the between-sex genetic correlations (rM(m,f)) 
were greater than zero and less than one (Saxton 2004). I also wished to compare variance 
estimates between sexes and treatments and the correlation estimates between treatments. To 
achieve this I used the ‘general’ option in the COVTEST function of GLIMMIX to perform 
different likelihood ratio tests where the parameters of interest were constrained to be equal 
while all other parameters were free to reach their REML estimates (e.g. H0: VB(m,LS) = VB(f,LS)).  
Likelihoods of each constrained model were then compared to that of the full model and tested 
against a chi-squared distribution with the appropriate degrees of freedom. Estimates of VB are 
reported as the increase in genetic variance per generation due to mutation (Vm), where Vm = 
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VB/2t for diploid sexuals, and t is the number of generations, a value of 25 in my case (Lynch 
and Walsh 1998; Halligan and Keightley 2009).    
5.3.5 Individual-based simulations: 
My experimental results contained an unexpected finding where rM(m,f) increased under sexual 
selection. To help identify evolutionary genetic factors affecting rM(m,f) under each of the two 
experimental conditions (LS and SS), I constructed an individual-based diploid simulation of 
mutant fixations, where additivity was assumed (dominance = 0.5) and with each fixation event 
occurring under conditions that mimic the LS or SS protocols. I simulated mutation 
accumulation under LS and SS conditions, and quantified the difference in rM(m,f) between 
treatments, looking for biological conditions in which rM(m,f) under the SS condition was greater 
than rM(m,f) under the LS condition. I assumed that each mutation affecting adult fitness falls into 
one of three possible classes: (1) mutations with sexually concordant effects; (2) mutations with 
female-limited effects; and (3) mutations with male-limited effects. This coarse partitioning of 
the genome is compatible with genome-wide patterns of sex-specific gene expression, which 
indicate a large fraction of genes that are highly transcribed in both sexes, and a substantial but 
minor fraction of genes with roughly sex-limited transcription (Ellegren and Parsch 2007; Allen 
et al. 2013; Allen et al. 2017a). The simulation considered different relative proportions of 
mutations within each class, different distributions of deleterious mutational effects within each 
class, and affected the manifestation of rM(m,f) under LS and SS conditions.  I outline the full 
simulation details below. 
 
Simulating distributions of fitness effects: Current empirical estimates of the distribution of 
fitness effects (DFE), based on polymorphism data, suggest that the lower end of the distribution 
can reasonably be described using a gamma distribution with small shape parameter (i.e., k << 1; 
Eyre-Walker and Keightley 2007). The upper end of the distribution of deleterious effects is 
truncated at s = 1, corresponding to lethal and sterile mutations (with fitness, w = 1 – s, having a 
zero lower limit). With these features in mind, I modelled the fitness effects of deleterious 
mutations by drawing from gamma distributions.  
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Variables drawn from a gamma distribution are constrained to be positive (0 < x < ¥), yet effect 
sizes of deleterious mutations (on relative fitness) are bound within the range: 0 < s < 1. I applied 
the following adjustment. For a random draw, x, from a gamma distribution, I let s = x when x < 
1, and s = 1 when x > 1. In other words, s = min(x, 1). The probability that a random draw 
exceeds one is: 
  [3] 
where f(x) is the probability density function for the gamma distribution. The mean fitness effect 
among deleterious mutations is: 
 [4] 
As an example, suppose I use a gamma distribution with shape parameter of k = 1 
(corresponding to the exponential distribution) to generate selection coefficients. In this case, the 
probability that x > 0 is simply exp(-l), where l = 1/E(x). The mean fitness effect is: 
  [5] 
For gamma distributions with smaller shape parameters (k < 1), there is a higher proportion of 
draws in which x > 1 (for a given value of E(x)), and a greater discrepancy between E(x) and 
E(s). 
 
Mutational classes: My simulations consider three classes of loci: 
 
1. Loci that affect adult fitness in both sexes. I drew fitness effects for this class of loci from a 
bivariate gamma distribution with equal marginal distributions in each sex, and an arbitrary 
between-sex correlation coefficient of r. Marginal distributions were gamma distributed with 
shape and scale parameters of kA and 1/lA, respectively. I drew random selection parameters for 
each mutation using the random number generator algorithm described in Minhajuddin et al. 
(2004). For this class of loci, the marginal mean and variance of gamma distributed variables 
was: E(xA) = kA/lA and var(xA) = kA/lA2.  
 
Pr x >1( ) = f x( )dx1
∞
∫
E s( ) = xf x( )dx0
1
∫ + f x( )dx1
∞
∫
E s( ) = λ xe−λx dx0
1
∫ + e−λx dx1
∞
∫⎡⎣⎢
⎤
⎦⎥=
1− e−λ
λ
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2. Loci with female-limited effects: Mutations with female-limited effects on adult fitness were 
drawn from a gamma distribution with shape and scale parameters kf and 1/bf, and a mean and 
variance of E(xf) = kf/bf and var(xf) = kf/bf2. 
 
3. Loci with male-limited effects: Loci with male-limited effects on adult fitness were drawn 
from a gamma distribution with shape and scale parameters km and 1/bm, and a mean and 
variance of E(xm) = km/bm and var(xm) = km/bm2.  
 
Fractions shared adult, female-limited, and male-limited loci were defined (respectively) as fA, ff, 
and fm (with fA + ff + fm = 1).  
 
Simulation structure: For each set of mutant distribution parameters (kA, lA, r, kf, bf, km, bm, fA, 
ff, and fm), I simulated 50,000 fixation events under conditions that mimic the experimental 
treatments, LS and SS. Each generation was propagated through: (1) a single, randomly selected 
female and a random male from the same MA lineage (as in the LS treatment); or (2) a single 
randomly selected female, and one of five randomly selected males that compete to fertilize the 
female (as in the SS treatment). For the set of 50,000 fixation events, I calculated male and 
female fitness with respect to each fixed locus to produce vectors of sex-specific fitness for the 
set of loci (i.e., vectors with 50,000 elements). These vectors were then used to calculate the 
between-sex fitness correlation with respect to the set of fixed loci.  
 
Exploratory simulations identified four single and compound parameters that caused 
differentiation in rM(m,f) between LS and SS treatments: (1) the proportion of mutations that 
affected both sexes (fA); (2) the between-sex correlation of fitness effects for shared mutations 
(r); (3) the proportion of mutations with male- and female-limited effects (fm, ff); and (4) the 
magnitude of the average selection coefficients of sex-limited mutations versus shared mutations.  
Illustrative results are given in Figure 5.3 of the main text. Full simulation code has been 
deposited in Dryad (http://datadryad.org/). 
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5.4 Results 
After 25 generations of mutation accumulation, mean fitness significantly declined relative to the 
ancestor in both sexes and in both treatments, indicating the accumulation of deleterious 
mutations (Figure 5.1). While fitness of males and females clearly declined, I was unable to 
detect any significant effects of the sexual selection treatment, sex, or the interaction between the 
two factors (GLM: Sex: F1,108 =1.49, p = 0.226, Treatment: F1,108 =0.72, p = 0.397; Sex × 
Treatment: F1,108 =1.17, p = 0.283). The overall effect of mutation accumulation on mean fitness 
was therefore one of more or less similar reductions for males and females under both 
experimental conditions. 
 
 
Figure 5.1; The reduction in mean fitness relative to the same-sex ancestor for the limited-
selection (LS) lines and the sexual selection (SS) lines. Error bars display a 95% confidence 
interval obtained from 10,000 bootstrap estimates at the mutation accumulation (MA) line level. 
The per generation rate of fitness loss due to mutation accumulation (delta M) was 1.99% in LS 
females, 1.68% in LS males, 1.97% in SS females, and 2.01% in SS males. 
 
Although sexual selection did not appear to affect mean fitness, it was possible that it affected 
the mutational genetic (among MA line) variance. For example, a treatment difference in 
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mutational variance was observed for male mating success in this MA population while there 
was no difference in mean (McGuigan et al. 2011). It was possible that, if sexual selection 
purged deleterious mutations that affect males, but not females, I may have seen lower among-
line variance in males than females of the SS lines. Alternatively, if sexual selection purged 
deleterious mutations that affect both males and females, I may observe lower mutational 
variance in the SS lines relative to the LS lines for both sexes. Using likelihood ratio tests, I 
detected significant mutational variance for male and female fitness in both treatments (LS 
females LRT: χ2 = 18.01, d.f. = 1, p = 2.20×10-5; LS males LRT: χ2 = 5.87, d.f. = 1, p = 0.015; 
SS females LRT: χ2 = 29.72, d.f. = 1, p = 4.99×10-8; SS males LRT: χ2 = 14.71, d.f. = 1, p = 
1.30×10-4; Table 1.). However, there was no indication that the mutational variance for fitness 
differed between treatments in either sex (LRT: Males χ2 = 0, d.f. = 1, p = 1.000; Females χ2 = 
0.0, d.f. = 1, p = 1.000).  Likewise, linear models where the variance in males and females within 
a treatment was constrained to be equal fitted the data just as well as models where male and 
female variances were allowed to differ (LS lines LRT: χ2 = 0.0, d.f. = 1, p = 1.00; SS lines LRT: 
χ2 = 0.24, d.f. = 1, p = 0.622), an indication that genetic variance for fitness did not differ 
between males and females in either treatment. 
 
Table 5.1; Quantitative genetic metrics for each sex of both treatments; mean fitness, w, and the 
mutational genetic variance for fitness (Vm). Where applicable, values in brackets indicate the 
standard error. 
Treatment Sex w Vm 
Limited-selection Female -0.131 (0.032) 6.6×10-4 (2.5×10-4) 
Limited-selection Male -0.053 (0.034) 8.9×10-4 (4.7×10-4) 
Sexual-selection Female -0.132 (0.024) 7.1×10-4 (2.4×10-4) 
Sexual-selection Male -0.118 (0.036) 9.5×10-4 (5.0×10-4) 
 
Lastly, I tested how sexual selection affected the between-sex mutational genetic correlation for 
fitness. For instance, if sexual selection caused sexually antagonistic mutations to accumulate, 
then the between-sex mutational correlation for fitness (rM(m,f)) in the SS lines would be lower 
than rM(m,f) in the LS lines. The null hypothesis of equal between-sex correlations in the two 
treatments was rejected (LRT: χ2 = 4.11, d.f. = 1, p = 0.043). In the LS lines rM(m,f) was positive 
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(0.106) but could not be distinguished from zero (LRT: χ2 = 0.14, d.f. = 1, p = 0.713) and was 
significantly less than one (LRT: χ2 = 14.73, d.f. = 1, p = 1.24×10-4) (Figure 2A). This suggests 
that the majority of new mutations have sexually concordant fitness effects, yet a considerable 
proportion may have fitness effects that are sex-biased, sex-limited, and/or sexually antagonistic. 
In the SS lines, rM(m,f) was very strong (0.84) and could no longer be distinguished from one 
(LRT: χ2 = 0.49, d.f. = 1, p = 0.484) but was significantly greater than zero (LRT: χ2 = 9.85, d.f. 
= 1, p = 0.002) (Figure 2B). This unexpected result suggests that sexual selection inhibited the 
accumulation of mutations with sexually discordant fitness effects. 
 
Figure 5.2; Correlations between male and female fitness in the limited selection (LS) and sexual 
selection (SS) MA lines. Shown are the MA line level best linear unbiased predictors (BLUPs) 
for male and female fitness estimated from the linear model in eqn. 2. 
 
To identify evolutionary genetic factors that may account for the surprising pattern of change I 
observed in rM(m,f), I carried out individual-based simulations that mimicked my experimental 
protocol.  These simulations identified three key factors that promote an increase in rM(m,f) under 
the sexual selection treatment conditions for mutation accumulation. First, SS conditions 
typically increased rM(m,f) when a substantial fraction of mutations were sex-limited, with a 
greater proportion of mutations having male-limited than female-limited fitness effects (Figure 
3). Second, rM(m,f) was more likely to increase under sexual selection when the between-sex 
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correlation of fitness effects for the sexually concordant mutations was strong and positive (e.g., 
r =0.99). Nevertheless, SS can still increase rM(m,f) when values of r are modest (e.g., r = 0.5) 
provided the fraction of male-limited mutations is sufficiently large (Figure 3, top row). Third, 
sexual selection tends to elevate rM(m,f) when the average deleterious effects of sex-limited 
mutations is greater than the average effect of sexually concordant mutations. Larger 
discrepancies between the mean fitness effect sizes of sex-limited and sexually concordant 
mutations broaden the conditions of the remaining parameters that lead to elevated rM(m,f) under 
sexual selection. 
5.5 Discussion 
An important yet currently unresolved question in evolutionary biology is whether sexual 
selection on males facilitates purging of mutations that are deleterious to both sexes (Manning 
1984; Whitlock 2000; Agrawal 2001; Siller 2001; Tomkins et al. 2004; Whitlock and Agrawal 
2009). If not, sexual selection may only benefit males and provide little or no benefit to females. 
Further, sexual selection could be harmful rather than beneficial if it causes sexually antagonistic 
mutations to accumulate (Rice and Chippindale 2002; Pischedda and Chippindale 2006; 
Connallon et al. 2010; Hollis and Houle 2011). Here, I have examined the sex-specific fitness 
effects of mutations that accumulated under male pre-copulatory sexual selection. While fitness 
declined significantly in both sexes, sexual selection did not generate significant differences in 
either the mean or genetic variance in fitness in either sex. Sexual selection did, however, 
reshape the between-sex genetic correlation for fitness, significantly strengthening it. Below I 
discuss several explanations for these unexpected outcomes. 
5.5.1 No sex-difference in fitness decline under mutation accumulation 
Theory predicts that sexual selection may lead to sex differences in the distribution of mutant 
fitness effects, with stronger fitness effects of deleterious mutations in males than females 
(Agrawal 2001; Siller 2001). This result has been confirmed in a series of D. melanogaster 
studies that test for sex-specific fitness effects of mutation accumulation (Mallet et al. 2011; 
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Sharp and Agrawal 2013), inheritance of classical mutations (Sharp and Agrawal 2008; Hollis et 
al. 2009), and inbreeding depression (Morrow et al. 2008; Mallet and Chippindale 2011). 
However, observations in two different species of seed beetles based on radioactively induced 
mutations have provided mixed results (Grieshop et al. 2016; Prokop et al. 2017). In the context 
of my experiment on Drosophila serrata, I therefore expected to see a greater fitness decline in 
males than in females in the limited selection (LS) lines when compared against the ancestor. 
However, this was not the case. Male and female fitness declines, while significant in both sexes, 
could not be distinguished from one another.   
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Figure 5.3; Changes in rM(m,f) between limited selection (LS) and sexual selection (SS) mutation 
accumulation treatments reflect the mutational architecture of female and male fitness. The y-
axis shows differences in rM(m,f) between simulations of SS and LS mutation accumulation; 
positive values corresponding to cases where rM(m,f) is higher under SS conditions (as observed 
experimentally). The x-axis shows the ratio of the average fitness effect of sex-limited mutations 
to the average fitness effect of shared mutations (those affecting both sexes). Different coloured 
curves show different proportions of mutations with sex-limited effects (purple = 0%, blue = 5%, 
green = 10%, orange = 15%, and red = 20%). The ration of male-limited (ML) to female-limited 
(FL) mutations for each simulation is represented by ML:FL and among the mutations affecting 
fitness of both sexes, the between-sex correlation of effects is represented by r. The distribution 
of fitness effects for each mutation class was obtained by drawing random variables from a 
gamma distribution, and defining the homozygous selection coefficients as s = min(1, x), where x 
represents a single draw from the gamma distribution, and min(1, x) is the minimum of x and 1. 
The approach satisfies the biological requirement that 0 < s < 1  (i.e., fitness of a mutant 
homozygote is w = 1 – s, which cannot be negative). Mutations were assumed to have additive 
effects in heterozygotes. Shown results are based on gamma distributions with shape parameter k 
= 0.125 and gamma means of 0.05 for shared mutations, and 0.025, 0.05, 0.1, 0.2, and 0.4 for the 
sex-limited mutations. Further details of the simulation approach can be found in Appendix 1. 
 
While my experiment may have simply lacked the statistical power (number of generations) to 
expose sex-differential fitness declines, it is also possible that differences in the male and female 
fitness assays made it more difficult to detect differences in fitness decline between the sexes. 
The male fitness assay was designed to have 4 males (2 focal and 2 competitor stock) and 2 
competitor stock females in an attempt to create a competitive environment for males, whereas 
the female fitness assay reversed this sex ratio, with 4 females (2 focal and 2 competitor) and two 
males. The difference in sex ratios and absolute numbers of courting males likely created a 
difference in the rate of male-induced harm to females during mating, being potentially greater in 
the male fitness assays. For example, it has been shown that D. serrata males harm females 
during courtship leading to a reduction in absolute reproductive output and increased mortality 
(Rundle et al. 2006; Chenoweth et al. 2015). In my experiment, the absolute numbers of 
offspring produced in the male and female trials for the ancestral lines also suggest that male-
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induced harm may have been operating. For example, because there were half as many females 
in the male fitness trials compared to the female fitness trials, it was expected that the total 
number of offspring emerging from the ancestral male trials would be half that of the ancestral 
female trials, however far less than half the number of offspring were produced (Appendix C1). 
Note that this assumes minimal larval competition, which was low in my experiment compared 
to other montium Drosophila (McGuigan 2009). If mutation accumulation causes a reduction in 
male fitness but concomitant reduction in their ability to male harm females, the intrinsic level of 
male fitness reduction due to mutation accumulation could have been underestimated in these 
male fitness assays relative to the female fitness assays.   
 
Relative to the ancestor, in the female fitness assays of the MA lines there were decreases in both 
absolute numbers of offspring and the ratios of focal to competitor flies (Appendix C1 & C2).  
By contrast, in the male-fitness assays under MA there was actually an increase in the total 
numbers of offspring produced relative to the ancestor while the competitive ability of males 
indeed declined (Appendix C1 & C2). This is highly likely a consequence of a reduction in male-
induced harm to females. Noticeably, the reduction in harm resulted in an increase in the number 
of orange-eyed competitor offspring with no change in the number of red-eyed offspring, hence 
the observed reduction in MA male competitive fitness. I suggest that while intrinsic male fitness 
did indeed decline (red-eyed flies were not produced in higher numbers), there was a 
concomitant reduction in interlocus sexual conflict because of decreased male vigour.  I note that 
similar observations have been seen in a mutation experiment in D. melanogaster. In that case, 
increased offspring numbers following mutation accumulation were attributed to a reduction in 
harm by male ejaculates (Mallet et al. 2012). Furthermore opposing male harassment and male 
fitness effects have recently been validated in an experimental evolution study in D. serrata 
(Chenoweth et al. 2015). Future work is needed to elucidate the mechanism by which male-
induced harm arises in this species. 
5.5.2 Sexual selection did not affect mean male or female fitness  
If sexual selection reduces mutation load and mutations deleterious for males are also deleterious 
in females, I expected to see higher female fitness in the SS than LS lines. Although mutation 
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accumulation significantly reduced female competitive fitness, I did not observe a significant 
effect of the sexual selection treatment on the degree of this reduction. Similarly, a previous 
study in these lines that used a different component of female fitness (number of offspring 
produced under non-competitive conditions via single brother-sister pairs within lines), also 
failed to detect a consistent treatment effect (McGuigan et al. 2011). The lack of a difference in 
female fitness observed in both studies could be a consequence of a true lack of effect or low 
power to detect a treatment effect over and above the strong effect of mutation accumulation. It 
may be that a larger number of generations are required to observe such an effect.  
 
Likewise, I did not observe an effect of sexual selection on male mean competitive fitness. The 
many differences in experimental assay and specific components of male fitness considered 
between the present study and the earlier study by McGuigan et al. (2011) makes it difficult to 
draw direct comparisons. To some extent my findings are inconsistent with the prior study on the 
male side. While, there was a significant effect of the sexual selection treatment on male 
precopulatory mating success, the direction in which sexual selection affected male mating 
success fluctuated between generations, decreasing it early on in the experiment, then increasing 
it before falling to a level where an effect was no longer detectable. Notably, in the generation 
closest to that which I have measured here, (generation 23 versus 25), there was no significant 
treatment effect on mean male mating success (See Fig 4A in (McGuigan et al. 2011)).  
 
In light of the predicted opposing effects of reduced male harm but a reduction in intrinsic male 
fitness in the MA lines, similar to that seen in D. melanogaster (Mallet et al. 2011), it seems 
perhaps possible that my two selection treatments differed in their potential for the accumulation 
of harm-inducing mutations and may have contributed to the lack of a fitness difference between 
SS and LS males. Although the mechanism is unknown, if traits increasing male competitive 
ability such as aggression are also those that induce harm, the SS treatment conditions may have 
permitted the persistence of more harm-inducing mutations than the LS treatment. For instance, 
both male competitive ability and attractiveness could have contributed to mating success in the 
SS lines but not the LS lines. Furthermore, during the experiment, the fitness costs of any male 
harming mutations would have been greatly reduced because female reproductive outputs were 
equalised between SS and LS lines by only allowing females to mate and lay eggs with a single 
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male. However, when I measured male fitness at generation 25, my assay did not prevent harm 
from occurring, therefore the effects of harm- inducing alleles would become visible among the 
lines and may have downwardly biased SS male fitness more than LS male fitness (Figure 1).  
 
To test this idea, I estimated genetic variation in “male harassment” by retrospectively analysing 
among line variation in the raw numbers of orange-eyed offspring produced in the LS and SS 
selection lines. Because the orange-eyed flies are unrelated to the MA line flies and were 
randomly allocated to experimental vials, any significant MA line-level effect on their numbers 
will be a reflection of genetically based differences in the MA males ability to affect the number 
orange-eyed males produced. Interestingly, I detected a strong signal of mutational variance for 
the number of orange-eyed offspring in the SS lines (VB = 108, LRT: 11.1, p= 0.0009) but not 
the LS lines (VB = 16, LRT: 1.0, p= 0.3173). I attribute this finding as a treatment difference in 
male competitive ability. 
5.5.3 Sexual selection strengthened the between-sex correlation for fitness 
A clearly visible result from my mutation accumulation experiment was a strengthening of the 
between-sex genetic correlation for fitness (rM(m,f)) in the SS lines. At face value, any 
strengthening of rM(m,f) is likely to involve increased contributions by mutations with very similar 
fitness effects in males and females (sexually concordant), but a reduced contribution from those 
with very different fitness effects (sexually discordant) (Lande 1980; Lande 1987). Although the 
difference could reflect a Type-1 statistical error, to help us understand how this may have 
occurred biologically, I performed individual-based simulations of my experiment, looking for 
conditions under which rM(m,f) in the SS treatment was greater than rM(m,f) in the LS treatment.  
 
The simulations revealed a small set of biologically plausible circumstances in which rM(m,f) 
increases under SS relative to LS conditions, with three major factors to note. First, a non-trivial 
proportion of mutations must be sex-limited, with a greater fraction of male-limited than female-
limited effects (Figure 3). This condition is consistent with gene expression studies from D. 
serrata (Allen et al. 2013; Allen et al. 2017a) and D. melanogaster (Ayroles et al. 2009; 
Innocenti and Morrow 2010), in which a large fraction of genes exhibit extreme male-biased 
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expression. In D. serrata, for example, approximately 10% of genes are expressed exclusively in 
adult males, whereas only ~0.7% are expressed exclusively in adult females (Allen et al. 2013; 
Allen et al. 2017a).  
 
Second, the increase in rM(m,f) under sexual selection was more pronounced when the mutations 
with pleiotropic fitness effects on both sexes had similar male and female effects. Simulated 
differences in rM(m,f) between LS and SS treatments were greatest when the effects of sexually 
concordant mutations were strongly correlated (Figure 3). Although it is extremely difficult to 
assess the effect of individual mutations except for those with large and/or visible effects, the 
existence of highly sexually concordant mutations has been previously observed in Drosophila 
(Connallon and Clark 2011a).  
 
Third, my simulations revealed a greater excess of rM(m,f) in SS relative to LS lines when sex-
limited mutations were, on average, a great deal more deleterious than sexually concordant 
mutations. This may not be unreasonable given that the distribution of mutational fitness effects 
appears to be made up of a large number of mutations with small fitness effects and a relative 
small number of mutations of with very large effects (Eyre-Walker and Keightley 2007) and that 
morphological mutations have been observed to have devastating effects on mate acquisition in 
D. melanogaster (Merrell 1965; Grossfield 1975; Whitlock and Bourguet 2000; Sharp and 
Agrawal 2008). While much of the cited evidence refers to mutations affecting both sexes, there 
is no reason to expect it would not also apply to mutations that exclusively affect males.   
 
In summary, the stronger rM(m,f) observed in the SS lines, while at first perplexing, can be 
accounted for if: (1) a larger fraction of the genome is male-limited than female-limited, (2) 
pleiotropic, sexually concordant mutations have similar fitness effects in females and males, and 
(3) male-limited mutations have strongly deleterious effects on male fitness. These conditions 
are reasonable, given what I know about genome-wide patterns of sex-biased gene expression 
(Allen et al. 2013; Allen et al. 2017a), the relatively high fraction of male-limited and 
comparatively low fraction of female-limited genes (Connallon and Clark 2011a), and the 
typically large male fitness consequences of mutations that are expressed by adults (Merrell 
1965; Grossfield 1975; Whitlock and Bourguet 2000; Sharp and Agrawal 2008; Hollis et al. 
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2009). The observation of a low rM(m,f) in the LS lines is in complete agreement with previous 
MA experiments in D. melanogaster, which also reported low values of rM(m,f) for fitness 
(Whitlock and Agrawal 2009; Sharp and Agrawal 2013). Our simulation results suggest that such 
low estimates of rM(m,f) are likely to reflect an appreciable contribution of male-limited mutations 
to the sex-specific fitness variances among experimental MA lines. Whereas the uninhibited 
accumulation of male-limited mutations in LS lines may drive rM(m,f) downwards, purging of 
such mutations in SS lines drives rM(m,f) closer to one. 
5.5.4 Conclusion 
A weak positive mutational correlation for fitness, as we observed in the LS lines, has been seen 
in two other mutation accumulation experiments on D. melanogaster (Whitlock and Agrawal 
2009; Sharp and Agrawal 2013), and may reflect the accumulation of both sexually concordant 
mutations that strengthen the correlation, and sex-limited mutations that weaken it. Interestingly, 
while the specific mechanism(s) remain unclear, our results suggest that male sexual selection is 
actually quite effective at influencing the fate of adult sex-limited mutations. If sexual selection 
was targeting male-limited effects more so than sexually concordant mutations, this may to some 
extent dilute the impact of sexual selection on population mean fitness and the benefits of sexual 
reproduction. In my experiment, the lack of a difference in mean fitness between treatments is 
difficult to reconcile with the idea that sexual selection purges male-limited mutations to a 
greater degree than others. The strong positive rM(m,f) for fitness under sexual selection also 
suggests that sexual selection did not cause sexually antagonistic mutations to accumulate 
(Connallon et al. 2010). This may indicate that sexually antagonistic mutations are sufficiently 
rare that they do not dominate the genetic architecture of fitness over the 25 generations of the 
experiment.  
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Chapter 6 – General Discussion 
My thesis was motivated by a somewhat simple question. How is it that a genome that is almost 
identical in males and females can produce distinct sexes? A common hypothesis is that sex-
biased gene expression may be the primary mechanism by which this can be achieved (Ellegren 
and Parsch 2007). Importantly, if for some reason the evolution of sexual dimorphism is 
inhibited, neither sex will be able to reach its sex-specific fitness optima, leading to a degree of 
maladaptation coined the “gender load” (Rice and Chippindale 2002). Throughout my thesis, I 
have explored several aspects of sex-biased gene expression that broadly relate to its 
evolutionary properties. Here, I discuss my overall findings, detailing significant observations 
and outlining some novel hypotheses that have arisen from this work and could be tested in 
future investigations.  
6.1 Classification of sex-biased gene expression 
In several Chapters of my thesis I measured expression of 11,631 genes in both male and female 
Drosophila serrata, which incorporated several gross morphological segments and reproductive 
tissues, plus whole flies from eight natural populations. This work made it clear that it is 
important to carefully consider exactly how sex-biased gene expression is classified and to 
beware of classifying genes that are expressed in one sex only (sex-limited genes) as sex-biased. 
6.1.1 Degree of sex-biased gene expression  
It is common to observe that a large proportion of the genome is expressed differently in males 
and females of a broad range of species (Ellegren and Parsch 2007; Ingleby et al. 2015; Grath 
and Parsch 2016). The proportion of genes showing sex-bias was quite variable among the 
experiments and analyses in my thesis. I believe there were two main reasons for this variability; 
the classification method used to identify sex-biased genes (statistical or fold difference 
threshold-based), and the tissue that the RNA was extracted from. For instance, given a 
moderately large sample size and extraction of RNA from tissues that included the male and 
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female reproductive organs, virtually every gene in the transcriptome could be classified as sex-
biased using a statistical multiple-test corrected method. In Chapter 2, a total of 10,867 genes 
(93.4% of genes on the microarray) were classified as sex-biased in the whole-body samples 
(Welch’s two-sample t-test; t40–81 FDR < 0.05; figure. 2.1A), which is a common result across a 
wide range of species when reproductive tissue is included (Ellegren and Parsch 2007; Ingleby et 
al. 2015; Grath and Parsch 2016). However, the difference between the sexes was as low as 1.03-
fold and it is not known if such a small difference is biologically important or just a consequence 
of high statistical power (Stewart et al. 2010; Grath and Parsch 2016). In contrast, using the 
widely adopted 2-fold difference threshold for classification of sex-biased expression (Ingleby et 
al. 2015; Grath and Parsch 2016), I found that approximately 50% of the genome was sex-biased 
for the same data set (Chapters 2 and 4) and eight other populations (Chapter 3). Using a fold-
change threshold may also help counteract the issue of allometry, where differences in relative 
size of organs and tissue could create apparent sex-biased gene expression even though 
expression does not actually differ (Mank 2017). Furthermore, when gross morphological 
segments that do not contain any reproductive tissue were assayed, I found far fewer sex-biased 
genes. In D. serrata heads there were only nine sex-biased genes (Welch’s two-sample t-test; t3–6 
FDR < 0.05; fig. 2.1D), and no sex-biased genes were found in the thorax (Welch’s two-sample 
t-test; t2–5 FDR < 0.05; fig. 2.1E). I don’t believe this is entirely a power issue as many sex-
biased genes were found in gonadectomised abdomen of a similar sample size (2,447 female-
biased and 3,181 male-biased) (Welch’s two-sample t-test; t3–6 FDR<0.05; fig. 2.1C). Given the 
substantial difference in the number of genes that can be classified as sex-biased using different 
methods and tissues, careful consideration must be taken to avoid unbiased genes being 
classified as sex-biased which would subsequently cloud biological interpretations. 
6.1.2 Degree of sex-limited gene expression 
Further to the finding that a large proportion of the transcriptome tends to be sex-biased, it is 
common to find more male-biased genes than female-biased genes. This has been observed 
several times in D. melanogaster (Parisi et al. 2003; Zhang et al. 2007) and also in four other 
Drosophila species (Zhang et al. 2007), and was an observation I initially made in D. serrata 
(Chapters 2, 3 and 4). However, I suspected that this observation might be due to the 
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classification of sex-limited genes (those expressed in one sex only) as sex-biased. To assess this, 
I used two different approaches to classify genes as sex-limited (Chapters 2, 3 and 4), both of 
which essentially apply an empirically based gene expression threshold separately in each sex. 
There were two signs that this method may be correctly identifying sex-limited genes. First, the 
clear majority of genes classified as sex-limited were expressed specifically in the testes or 
ovaries. Second, putative sex-limited genes were highly enriched for GO terms related to gamete 
production (Chapter 2), sperm production for male-limited genes and ovule production for 
female-limited genes. Interestingly, there were many more male-limited than female-limited 
genes and after accounting for sex-limited expression, the apparent excess of male-biased genes 
was lost entirely. I recommend that future experiments that assess sex-biased expression, 
especially those including gonadal tissue, should account for sex-limited expression to avoid 
potential bias. This is an issue of particular relevance to studies of sexual antagonism where it is 
important to model traits that are shared between the sexes and not sex-limited traits. 
6.2 Sex-biased gene expression and the sex chromosomes 
In many plant and animal species, one of the sexes possesses two different sex-chromosomes. 
For instance, male humans, mice, and fruit flies possess an X and a Y chromosome 
(heterogametic) whereas females have two X chromosomes (homogametic). In many bird 
species and some fish this sex-chromosome system is reversed and females are heterogametic 
possessing WZ chromosomes whereas males are ZZ. It is possible that heterogametic sex-
chromosomes play a role in the evolution of sex-biased gene expression. Indeed, in some species 
an excess of male-biased X-linked genes has been observed while in others there is a deficit 
(Ellegren and Parsch 2007). It is not always clear why this might be the case and throughout 
several chapters of my thesis (2, 3, and 4) I explored the relationship between sex-biased gene 
expression and chromosomal location in D. serrata. 
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6.2.1 Non-random chromosomal location of sex-biased genes in D. serrata 
A well-documented observation is the non-random distribution of sex-biased genes across the 
chromosomes (Ellegren and Parsch 2007; Parsch and Ellegren 2013), an observation I also made 
in D. serrata (Chapter 2). Interestingly, in addition to the expected deficit of male-biased X-
linked genes, a finding made in humans and mice (Wang et al. 2001; Lercher et al. 2003; Yang et 
al. 2006), and several other Drosophila species (Parisi et al. 2003; Sturgill et al. 2007; 
Mikhaylova and Nurminsky 2011; Meisel et al. 2012a), there was an excess of female-biased X-
linked genes. An excess of female-biased genes has been observed in the flour beetle (Tribolium 
castaneum) (Prince et al. 2010), and while also observed in other Drosophila species (Gupta et 
al. 2006; Sturgill et al. 2007; Zhang and Oliver 2010), it has not received much attention. These 
observations suggest that dosage compensation mechanisms, which strive to increase expression 
of X-linked genes in the heterogametic sex so that it matches the autosomes, may help explain 
the deficit/excess of male-/female-biased genes. For instance, in D. melanogaster male-biased 
genes are significantly further away from the dosage compensation complex (mean of 
approximately 45,000 base pairs), whereas female-biased and unbiased genes are much closer 
(mean of approximately 18,000 base pairs) (Bachtrog et al. 2010). It would be interesting to 
assess the relationship between dosage compensation and the location of sex-biased genes in D. 
serrata and other species to see how general this observation is. Although I have recently 
assembled the genome of D. serrata (Allen et al. 2017b), the X-chromosome remains quite 
fragmented and so this type of test might await further genome assembly and scaffolding. 
6.2.2 Divergence in gene expression and the X-chromosome 
Several studies exploring divergence in gene expression between species observed that X-linked 
genes display stronger divergence in DNA sequence (Baines et al. 2008; Meisel 2011; Grath and 
Parsch 2012), and expression levels of X-linked genes in flies (Llopart 2012; Meisel et al. 
2012b), a phenomenon coined the ‘faster-X effect’ (Betancourt et al. 2002). However, this 
pattern appears far less clear when examining gene expression divergence among populations 
within species. While I found that relatively more X-linked genes diverged in female D. serrata 
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compared to autosomal genes, I actually found that fewer X-linked genes diverged in males than 
expected, a ‘slower-X effect’ if you will. A slower-X effect has been observed in D. simulans 
males (Zhao et al. 2015) and D. melanogaster males (Hutter et al. 2008), however the slower-X 
effect for males in D. melanogaster was not replicated in a second study using different 
populations (Zhao et al. 2015).  
 
One explanation for the slower-X effect in male D. serrata may be provided by the joint 
observations that there is a deficit of male-biased X-linked genes (Chapter 2) and that male-
biased genes are the most divergent class (Chapter 3). If there are less male-biased genes on the 
X-chromosome relative to the autosomes, and if male-biased genes are more divergent than other 
types of genes, then a slower-X effect may simply be because the X-chromosome has less male-
biased genes (Hutter et al. 2008). This however, did not appear to be the case in D. serrata males 
as the slower-X effect was apparent regardless of sex-bias class (Chapter 3).  
 
Faster- and slower-X effects have been considered theoretically with respect to changes in 
protein coding sequence (Charlesworth et al. 1987; Vicoso and Charlesworth 2006; Meisel and 
Connallon 2013). While the finding of a slower-X effect is potentially in contrast with theory, I 
believe some of the insights provided are applicable to changes in gene expression. For instance, 
provided that most evolutionary change is due to negative selection, that is, the fixation of 
recessive slightly deleterious mutations via genetic drift, then a slower-X effect may be observed 
because recessive mutations that alter expression of X-linked genes will be more exposed to 
selection when in males relative to autosomal recessive mutations. Therefore, X-linked recessive 
mutations should be more often purged in males, and subsequently this could produce the 
slower-X effect I observed in D. serrata.  
 
Theory also outlines that if most evolutionary change is due to positive selection on recessive 
mutations (fixation of beneficial mutations), then a faster-X effect may be observed 
(Charlesworth et al. 1987; Vicoso and Charlesworth 2006). I don’t believe this helps explain the 
faster-X effect I observed in female D. serrata however because recessive X-linked mutations in 
females will not be exposed to selection more frequently than autosomal mutations. Another 
possible explanation for the excess of X-linked gene divergence in female D. serrata may be 
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revealed by my observation that females of this species hyper-express their X-linked genes 
(Chapter 2). Such hyper-expression in females could expose X-linked genes to stronger selection 
than autosomal genes (Pal et al. 2001) and therefore faster responses to selection and more 
divergence are achievable. Although, as stated earlier, hyper-expression of X-linked genes has 
been observed in other Drosophila species (Gupta et al. 2006; Sturgill et al. 2007; Zhang et al. 
2007) and the flour beetle (Tribolium castaneum) (Prince et al. 2010), it is not known whether 
this is related to divergence in any way. Whether highly expressed genes diverge more regardless 
of sex-bias class is possible and poses an interesting question I would like to examine.  
6.3 The evolution of sex-biased gene expression 
Given that much of the DNA sequence variation in protein coding genes is surprisingly small, 
both within species and among closely related species, where for example human’s and chimps 
are ~98% identical (King and Wilson 1975), much phenotypic variation is expected to be due to 
differences in gene expression (Carroll 2008). This problem is even more pronounced when 
considering variation between the sexes within a species, where barring the, often small Y-
chromosome, the sexes genomes are identical. For this reason, sexual dimorphism is expected to 
be facilitated by the evolution of sex-biased gene expression (Williams and Carroll 2009). In the 
following sections I discuss several observations regarding the evolution of sex-biased gene 
expression that suggest that sexual selection on males might be a particularly important factor.   
6.3.1 Divergence among populations in gene expression appears male-driven 
There is a considerable amount of evidence that male-biased genes evolve faster between species 
in protein coding sequence (Zhang et al. 2004; Ellegren and Parsch 2007; Assis et al. 2012; 
Parsch and Ellegren 2013) and gene expression regulation (Meiklejohn et al. 2003; Ellegren and 
Parsch 2007; Assis et al. 2012). However, less is known about divergence in gene expression 
among populations within species. I sampled sex-specific gene expression of eight D. serrata 
populations spanning the east coast of Australia (much of the species range) and found that many 
more male-biased genes diverged than female-biased and unbiased genes in both males and 
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females (Chapter 3). Interestingly, considerably more male-biased genes diverged in a 
population-specific manner, suggesting that these populations are under ongoing sexual selection 
and might prove useful for studying the strength and form of sexual selection, and could prove 
useful for understanding gene function. In addition, I found that more genes diverged in males 
than females regardless of sex-bias class. Despite this finding, very few genes displayed sex-
dependent divergence, a form of divergence that requires the evolution of differences in the 
magnitude and/or direction of sex-bias between populations. 
 
While low power is likely contributing to the lack of sex-dependent divergence, it was also 
possible that males and females sharing a genome was constraining the independent divergence 
of each sex due to correlated responses in females to selection on males (Lande 1980; Lande 
1987). Indeed, I found that divergence was positively correlated between the sexes, strongest for 
genes that diverged in both sexes followed by genes that diverged in males only (Chapter 3). 
Furthermore, the extent to which a trait has a shared genetic basis between males and females 
can be quantified by the between-sex genetic correlation for the trait (r(m,f)) (Lande 1980; Lande 
1987). If the shared genome was indeed a constraint to the independent divergence of the sexes 
(Chapter 3), I expected to find r(m,f) negatively correlated with the degree of sex-specific 
divergence. I found this to be the case (Chapter 4). These results combined suggest that 
divergence between populations may be driven by selection on males and that female gene 
expression is responding similarly due an indirect correlated response. I would like to take an 
experimental approach to this hypothesis, perhaps using a sex-specific middle-class 
neighbourhood breeding design as in (Morrow et al. 2008), and see what effect sex-limited 
selection has on sex-specific divergence in gene expression.  
6.3.2 Why does the expression of male-biased genes evolve faster? 
While interspecific comparisons of coding sequence suggest that the accelerated evolution of 
male-biased genes is most often due to positive selection (Meiklejohn et al. 2003; Zhang et al. 
2004; Zhang and Parsch 2005; Proschel et al. 2006; Sawyer et al. 2007; Assis et al. 2012), less is 
known about selection and divergence in gene expression within species. Throughout my thesis, 
I found evidence supporting three hypotheses for why male-biased genes evolve faster in D. 
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serrata, which I detail below. Briefly, that there is more genetic variance in expression of male-
biased genes and therefore greater evolvability (Chapter 4), that male-biased genes are less 
genetically constrained by pleiotropy (Chapter 4), and that male-biased genes are likely under 
stronger selection (Chapters 3 and 5). 
6.3.2.1 Evolvability of male-biased genes 
It has long been known that the response to selection is directly related to the strength of 
selection and the heritability of the trait (Fisher 1932) where heritability is the ratio of genetic 
variance to phenotypic variance. Therefore, more genetic variance results in a faster response to 
selection and in turn greater evolutionary potential. Estimating genetic variance in gene 
expression requires reasonably large experiments that measure expression under a quantitative 
genetic breeding design. Such an experiment has only been undertaken on two occasions prior to 
my thesis and in a single species (D. melanogaster) (Ayroles et al. 2009; Innocenti and Morrow 
2010). While on both occasions a large proportion of the genome was found to harbour genetic 
variance for gene expression, neither explored the possibility that male-biased genes have more 
genetic variance. Using ~40 inbred lines origination from a single population (Brisbane, 
Queensland, Australia) and two biological replicates per line per sex (n=144), I was able to 
estimate the genetic variance in gene expression for males and females and assess whether male-
biased genes indeed had more genetic variance than female-biased and unbiased genes. I found 
this to be the case (Chapter 4). This supports the idea that one reason male-biased gene 
expression can evolve faster is that more genetic variance affords them greater evolvability. It is 
not clear why male-biased genes have more genetic variance however, perhaps male-biased 
genes are regulated by a greater number of cis transcription factor binding sites or are regulated 
by more transcription factors, which gives them a larger mutational target size that is fuelling the 
excess in genetic variance. It would be interesting to use mutation accumulation experiments to 
test whether male-biased genes do indeed have higher mutational variance than other genes. It 
would also be interesting to assess whether male-biased genes have more genetic variance in cis 
and/or trans expression to help elucidate why male-biased genes harbour more genetic variance 
in expression regulation.  
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6.3.2.2 Pleiotropic constraints to the evolution of sex-biased gene expression 
Previous experiments have shown us that pleiotropy (measured as tissue-specific expression) and 
more specifically between-sex pleiotropy due to the shared genome (r(m,f)) (Mank et al. 2008b; 
Griffin et al. 2013) are both capable of constraining the evolution of sex-biased gene expression. 
Although an experiment on D. melanogaster did show us that female-biased genes appeared to 
be more broadly expressed across tissues than male-biased genes (Assis et al. 2012) and might 
therefore be more constrained by pleiotropy, the observation may have been biased by the 
inclusion of male-limited genes. In order to explore the relationship between pleiotropy and sex-
biased gene expression I used the gene expression atlas to measure overall pleiotropy via tissue-
specificity (𝜏) and the 40 inbred lines to estimate between-sex pleiotropy (r(m,f)). While I found 
that r(m,f) was a slightly stronger constraint on the evolution SBGE for male-biased genes than 
female-biased genes, 𝜏 was a much weaker constraint, which provided support for the hypothesis 
that male-biased genes can evolve faster because they are less pleiotropically constrained (Assis 
et al. 2012). However, measuring tissue specificity as a proxy for pleiotropy and assessing 
between-sex pleiotropy might not be giving us a clear picture. A more accurate method to assess 
pleiotropic constraints might be achieved via a multivariate approach that simultaneously 
accounts for genetic variance in gene expression within and between genes. I have collaborated 
to develop such an approach, where we found that pleiotropy appeared widespread (Blows et al. 
2015), but it awaits application to two sexes and association with sex-biased gene expression. 
This is something that, with access to sufficient computational resources, I will be addressing in 
the future.  
6.3.2.3 On the form and strength of selection on male-biased genes 
Given that male-biased genes appear to be more important for male fitness than female fitness 
(Connallon and Clark 2011a), another possible explanation for the accelerated evolution of male-
biased genes, and observation that more genes diverged in males than females (Chapter 3), is that 
males are under stronger selection than females. Directly measuring selection on gene expression 
is not easy and few experiments have attempted to do so. Indeed, I attempted this during my 
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candidature using the panel of 40 inbred lines (2 biological replicates per sex per line), but 
struggled to get enough statistical power to overcome multiple testing correction. This also 
appears to have been the case for a similar sized study on D. melanogaster where multiple test 
correction was not applied to any association between a range of phenotypes that included fitness 
and gene expression (Ayroles et al. 2009). Regardless, Ayroles et al. 2009 did not measure sex-
specific fitness and therefore the strength of selection could not be compared between the sexes.  
 
An experiment that did measure sex-specific fitness and apparently associate fitness with gene 
expression (FDR 5%), despite a much smaller number of inbred lines (15), was also performed 
using D. melanogaster (Innocenti and Morrow 2010). However, I worry about the validity of the 
results from this study. In particular, I’m concerned about the use of an R package called 
LIMMA to analyse the data, which meant that expression had to be the response variable and 
fitness the explanatory. Because there is no direct connection between the measures of gene 
expression and fitness on each inbred line, I assume line mean fitness was used whereas line 
mean expression could not be used with LIMMA. This may have inflated the associations 
because rather than regressing line mean expression on line mean fitness for 15 lines, LIMMA 
would have associated sample level expression (n=120) with line mean fitness (n=30), and the 
lack of variation in fitness within each line may have inflated the associations. Although the 
expression data from (Innocenti and Morrow 2010) has been available at the Gene Expression 
Omnibus since publication (GSE17013), the measures of fitness have only recently become 
available e (http://www.sussex.ac.uk/lifesci/morrowlab/data) and I hope to explore this data 
further. Given the difficulties in directly measuring selection on gene expression, I took a more 
general approach and asked whether selection on male D. serrata was in general stronger than 
selection on females.  
 
This approach involved utilising a previously developed mutation accumulation experiment and 
measuring sex-specific fitness on the MA lines (Chapter 5). The simple expectation, assuming all 
mutations affect male and female fitness and are sexually concordantly deleterious, was that if 
males were under stronger selection than females, then males would suffer a greater loss in 
fitness due to the accumulation of mutations than females. A result that has been observed twice 
in D. melanogaster (Mallet et al. 2011; Sharp and Agrawal 2013). Similarly, because I examined 
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the same pool of mutations in males and females, a finding that mutational genetic variance was 
greater in males than females could indicate that the mutations are having a larger effect on 
males. I did not find any such evidence. There was no difference in the fitness reduction of males 
and females, and no difference in the amount of mutational genetic variance. However, for the 
reason outlined below, I do not believe this is evidence for equal selection on males and females.  
 
In the fitness assay that I designed there was an unequal sex-ratio, of particular importance is the 
2:1 ratio of males to females in the male fitness assay. This was done to try and maximise 
competition between males for access to females but what it also did was increase the degree of 
male harm to females. Because mutation accumulation decreased the degree of male harm to 
females, this allowed females in the male MA fitness trails to produce more offspring than they 
did in the ancestral male fitness assay and consequently, the reduction in male fitness due to 
mutation accumulation was dampened. If this wasn’t the case, I believe the reduction in fitness 
would have been greater in males than females and therefore I would have concluded that 
selection against spontaneous mutations is stronger in males than females. Via extrapolation, I 
would also hypothesise that this observation would indicate that selection on gene expression is 
stronger in males than females. 
6.4 Conclusion 
While I have tackled several questions throughout my thesis, understanding the relationships 
between sex-specific selection, sex-biased gene expression, and ultimately, sexual dimorphism, 
is an ongoing area of research with much work needing to be done. I believe that multivariate 
methods will increasingly need to be applied to studies of sex-biased gene expression to fully 
appreciate its pleiotropic nature although the sample size and computational requirements of 
such an endeavour remain challenging. Likewise, I believe it is important to understand how 
readily mutations alter sex-biased gene expression and whether this occurs via cis-regulatory 
mutations that alter expression of a single gene or alternatively, via tran-regulatory mutations in 
transcription factors that generate widespread pleiotropic effects. Perhaps most fundamental of 
all is to develop a deeper understanding of the strength and form of sex-specific selection on 
gene expression itself. Thus far, direct assessment of covariation between gene expression and 
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fitness has proven challenging. It may be the case that indirect population genetic methods 
(Cheng and Kirkpatrick 2016) will ultimately prove useful.  
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Appendix A 
 
Appendix A1; The genomic distribution of sex-biased genes in D. serrata is similar regardless of 
method used to identify sex-biased genes. A) male-biased and B) female-biased, dark colours 
display the distribution of sex-biased genes identified via a Welch’s t-test whereas light colours 
display the distribution of sex-biased genes identified via > 2-fold expression difference. The 
solid line is the expected percentage of sex-biased genes (t-test) per chromosome from 1000 
permutations; the dashed line is the expected percentage of sex-biased genes (fold change) per 
chromosome from 1000 permutations; (*) probability that observed value does not differ from 
expected, P < 0.001 (***), P < 0.01 (**), P < 0.05 (*). 
 
  
132 
 
 
Appendix A2; The genomic distribution of sex-biased genes in D. serrata after exclusion of 
1,315 sex-limited genes, A) male-biased and B) female-biased. The dotted line is the expected 
percentage of sex-biased genes per chromosome from 1000 random permutations of the data; (*) 
probability that observed value does not differ from expected, P < 0.001 (***), P < 0.01 (**), P 
< 0.05 (*). The number of sex-limited genes per chromosome is shown above each label. 
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Appendix A3; List of genes with sex-specific expression that were excluded upon reanalysis of 
the genomic distribution of sex-biased genes. Shown are the D. serrata gene ID (EST) and 
corresponding D. melanogaster FlyBase gene ID (Dmel_FBgn). 
 
EST Dmel_FBgn EST Dmel_FBgn EST Dmel_FBgn EST Dmel_FBgn 
EST10101 FBgn0035196 EST15760 FBgn0083946 EST2424 FBgn0039177 EST4456 FBgn0039070 
EST10136 FBgn0033364 EST15761 FBgn0032519 EST24248 FBgn0029153 EST4458 FBgn0038127 
EST10139 FBgn0037454 EST1577 FBgn0033868 EST24293 FBgn0053558 EST4466 FBgn0035730 
EST10150 FBgn0002862 EST15770 FBgn0263251 EST24322 FBgn0265104 EST4471 FBgn0085486 
EST10151 FBgn0028848 EST15778 FBgn0260643 EST24451 FBgn0032788 EST4472 FBgn0051404 
EST10154 FBgn0051913 EST15794 FBgn0031201 EST24473 FBgn0034532 EST4489 FBgn0036236 
EST10155 FBgn0029812 EST15798 FBgn0039463 EST2448 FBgn0020280 EST4523 3L 
EST10161 FBgn0036311 EST15822 FBgn0262592 EST24525 FBgn0003145 EST4555 FBgn0260634 
EST10190 FBgn0039972 EST15831 FBgn0058064 EST2455 FBgn0036162 EST4556 FBgn0034721 
EST10199 FBgn0050093 EST1584 FBgn0083943 EST24579 FBgn0037516 EST4564 FBgn0033369 
EST10225 FBgn0028988 EST15845 FBgn0037037 EST2463 FBgn0035861 EST4571 FBgn0035426 
EST10262 FBgn0033238 EST15860 FBgn0034869 EST2471 FBgn0036338 EST4604 FBgn0261529 
EST10265 FBgn0032869 EST15871 FBgn0051851 EST24739 2L EST4608 3R 
EST10280 FBgn0034844 EST15880 FBgn0040356 EST24801 FBgn0039809 EST4642 FBgn0051802 
EST10281 FBgn0035047 EST15897 X EST2489 FBgn0034546 EST4644 FBgn0037064 
EST10311 FBgn0031728 EST1590 FBgn0031849 EST2491 FBgn0051874 EST4664 FBgn0034099 
EST10348 FBgn0051910 EST15906 FBgn0053061 EST2492 FBgn0023181 EST4684 FBgn0085454 
EST10350 FBgn0030722 EST15909 FBgn0052572 EST2504 FBgn0050293 EST4685 FBgn0023415 
EST10432 FBgn0032553 EST15912 FBgn0050471 EST2513 FBgn0037059 EST470 FBgn0037248 
EST10451 FBgn0085202 EST15951 FBgn0034145 EST25158 FBgn0262836 EST4711 FBgn0031407 
EST10466 FBgn0027376 EST15956 FBgn0032624 EST252 3L EST4734 FBgn0038762 
EST1047 FBgn0038225 EST15957 FBgn0037675 EST25220 FBgn0037824 EST4742 FBgn0052161 
EST10504 FBgn0030696 EST15965 FBgn0262870 EST25293 X EST4764 FBgn0037310 
EST10539 FBgn0039553 EST15973 FBgn0033042 EST25376 FBgn0262898 EST4771 FBgn0083975 
EST10575 FBgn0262788 EST15990 FBgn0046879 EST2546 FBgn0035005 EST4775 FBgn0053490 
EST10622 FBgn0029946 EST16009 X EST2548 FBgn0053489 EST4777 FBgn0250847 
EST1066 FBgn0040816 EST16028 FBgn0039331 EST2553 FBgn0032424 EST4778 FBgn0036704 
EST10669 FBgn0037829 EST16041 FBgn0050178 EST25612 FBgn0028935 EST4787 FBgn0030195 
EST10725 FBgn0038423 EST1605 FBgn0265089 EST2562 FBgn0033705 EST4792 FBgn0037844 
EST10757 FBgn0030033 EST16053 2L EST25625 FBgn0035645 EST4809 FBgn0033190 
EST1076 FBgn0011206 EST16064 FBgn0041709 EST2567 FBgn0038296 EST4817 FBgn0031443 
EST1083 FBgn0031853 EST16071 FBgn0050177 EST25703 FBgn0035800 EST4820 FBgn0264086 
EST10832 FBgn0028531 EST16113 2R EST25728 FBgn0037916 EST4831 FBgn0030770 
134 
 
EST10852 FBgn0051798 EST16114 3R EST25732 FBgn0039129 EST4833 FBgn0037283 
EST10859 FBgn0000356 EST16126 FBgn0031844 EST2579 FBgn0032650 EST4846 FBgn0250834 
EST10908 FBgn0016053 EST16128 FBgn0030938 EST2581 FBgn0033174 EST4869 FBgn0032636 
EST10918 FBgn0030440 EST16132 FBgn0034202 EST25984 FBgn0003090 EST4885 FBgn0036807 
EST10925 FBgn0038607 EST16170 FBgn0004656 EST2603 FBgn0038565 EST4901 FBgn0032219 
EST10942 FBgn0033794 EST16211 FBgn0030734 EST2609 FBgn0038448 EST4932 FBgn0034904 
EST10952 FBgn0050430 EST16213 FBgn0051017 EST2610 2R EST4933 FBgn0037443 
EST10953 FBgn0052945 EST16217 FBgn0035143 EST2612 FBgn0033819 EST4960 FBgn0037985 
EST10975 FBgn0052392 EST16232 FBgn0264301 EST26122 FBgn0015400 EST4964 2L 
EST10976 FBgn0032268 EST16238 FBgn0038281 EST26435 FBgn0039370 EST4966 FBgn0032003 
EST10980 2L EST16254 FBgn0052755 EST26445 FBgn0085259 EST4970 FBgn0023090 
EST10998 FBgn0263626 EST16269 FBgn0034681 EST2646 FBgn0030717 EST4972 FBgn0050284 
EST11012 FBgn0261090 EST1627 FBgn0036014 EST2648 FBgn0036498 EST4978 FBgn0035585 
EST11014 FBgn0034121 EST16270 FBgn0035309 EST265 FBgn0031469 EST5017 FBgn0054021 
EST11075 FBgn0038219 EST16286 3L EST2652 FBgn0051815 EST5018 FBgn0051231 
EST11077 FBgn0038630 EST16289 FBgn0032964 EST2653 2L EST5033 FBgn0036217 
EST11079 FBgn0028941 EST16297 3R EST2657 FBgn0037742 EST5034 FBgn0029750 
EST11089 FBgn0031545 EST16314 FBgn0038469 EST2658 FBgn0028397 EST5042 FBgn0033344 
EST11108 FBgn0032434 EST16327 FBgn0038892 EST26596 FBgn0054027 EST5062 FBgn0264340 
EST11113 FBgn0029747 EST16332 FBgn0040524 EST26618 FBgn0034867 EST5063 FBgn0030283 
EST11135 FBgn0033834 EST16347 FBgn0037431 EST26675 FBgn0040227 EST5067 FBgn0039373 
EST11152 FBgn0036778 EST16350 FBgn0039370 EST2671 FBgn0036447 EST5070 FBgn0039576 
EST11168 FBgn0036490 EST16362 FBgn0039197 EST26734 FBgn0034274 EST5101 FBgn0051928 
EST11212 FBgn0051064 EST16373 FBgn0030449 EST2676 FBgn0034129 EST5112 FBgn0085321 
EST11223 FBgn0000360 EST16435 FBgn0037295 EST26778 FBgn0050487 EST5132 FBgn0260486 
EST11231 X EST16437 FBgn0263988 EST2679 FBgn0264542 EST5146 FBgn0003889 
EST11242 FBgn0034863 EST16461 FBgn0025378 EST2696 FBgn0033258 EST5198 FBgn0033283 
EST11251 FBgn0259818 EST16466 FBgn0051551 EST2697 FBgn0052459 EST5200 FBgn0029740 
EST11286 FBgn0033287 EST16470 3L EST27177 FBgn0262878 EST5202 FBgn0036016 
EST11288 FBgn0051797 EST16473 FBgn0051693 EST27199 FBgn0262812 EST5233 FBgn0030370 
EST11295 FBgn0038175 EST16481 FBgn0001235 EST272 3R EST5239 2L 
EST11299 FBgn0051538 EST1652 FBgn0031724 EST2742 FBgn0035957 EST5245 FBgn0030823 
EST11308 FBgn0038598 EST16530 FBgn0028668 EST2755 FBgn0011596 EST5258 FBgn0003733 
EST11340 FBgn0039552 EST16590 FBgn0087035 EST27569 FBgn0003295 EST5278 FBgn0051363 
EST11347 FBgn0038209 EST16600 FBgn0031111 EST276 FBgn0038188 EST5287 FBgn0038373 
EST11360 FBgn0020371 EST16605 FBgn0051924 EST2762 FBgn0263078 EST529 FBgn0035218 
EST11385 FBgn0004102 EST1665 FBgn0036437 EST27693 2L EST5303 FBgn0031784 
EST11411 FBgn0035598 EST16661 X EST27701 FBgn0038796 EST5318 FBgn0030277 
EST11471 FBgn0260451 EST16677 FBgn0040031 EST2779 FBgn0003655 EST5330 FBgn0037191 
EST1148 FBgn0051327 EST16692 FBgn0050339 EST27889 FBgn0013809 EST5353 FBgn0035034 
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EST11491 FBgn0034826 EST16702 FBgn0031786 EST2789 FBgn0029659 EST5359 FBgn0051787 
EST11494 FBgn0262102 EST16730 FBgn0032294 EST279 FBgn0032483 EST5374 FBgn0015572 
EST1150 FBgn0052591 EST16742 3R EST2791 FBgn0050073 EST5380 FBgn0028567 
EST11510 FBgn0036763 EST1675 FBgn0038697 EST2818 FBgn0028847 EST5383 FBgn0034144 
EST11581 FBgn0052450 EST16761 FBgn0263403 EST2819 FBgn0031722 EST5384 FBgn0262095 
EST11601 FBgn0051453 EST16763 3R EST2835 FBgn0036328 EST540 FBgn0039511 
EST11671 FBgn0052238 EST16766 FBgn0085374 EST28387 FBgn0030181 EST5428 FBgn0038488 
EST11711 FBgn0038217 EST16772 2R EST2859 FBgn0037398 EST5431 FBgn0037915 
EST11751 FBgn0034907 EST16773 FBgn0046253 EST286 FBgn0042711 EST5440 FBgn0050324 
EST11791 FBgn0030014 EST16824 FBgn0035697 EST2864 FBgn0026144 EST545 FBgn0026428 
EST11792 FBgn0003275 EST16864 FBgn0051245 EST2869 FBgn0039501 EST5469 FBgn0032110 
EST11799 FBgn0011273 EST16897 FBgn0031367 EST2872 FBgn0039887 EST549 FBgn0030952 
EST11850 FBgn0051064 EST16944 FBgn0031091 EST2878 FBgn0034506 EST5518 FBgn0037860 
EST11879 FBgn0261578 EST1695 FBgn0047351 EST2882 FBgn0035198 EST5530 FBgn0031826 
EST11930 FBgn0038359 EST16987 FBgn0039850 EST2885 FBgn0034883 EST5548 FBgn0259240 
EST11947 FBgn0031859 EST17004 FBgn0032563 EST2887 FBgn0039788 EST5563 FBgn0040963 
EST11965 FBgn0031574 EST17010 FBgn0032967 EST2889 FBgn0033461 EST5567 FBgn0032312 
EST11978 FBgn0035988 EST17011 FBgn0031364 EST289 FBgn0031108 EST5569 FBgn0040496 
EST11980 FBgn0038097 EST1702 FBgn0051644 EST2899 FBgn0051835 EST5581 FBgn0050025 
EST12009 FBgn0017456 EST17025 FBgn0033149 EST2911 FBgn0029153 EST5602 FBgn0050412 
EST12020 FBgn0042189 EST17073 FBgn0052106 EST2912 FBgn0052299 EST5639 FBgn0053017 
EST12021 FBgn0032370 EST17076 FBgn0038887 EST2916 FBgn0052445 EST5641 FBgn0034505 
EST12028 FBgn0038921 EST17091 FBgn0262513 EST29269 3L EST5652 FBgn0034196 
EST12073 FBgn0053092 EST17092 FBgn0265050 EST293 FBgn0036285 EST5657 FBgn0015572 
EST12102 FBgn0051988 EST17103 FBgn0033856 EST2933 FBgn0036830 EST5663 FBgn0001099 
EST1211 FBgn0031347 EST17126 FBgn0051010 EST2937 FBgn0033020 EST5668 FBgn0036723 
EST12126 FBgn0036156 EST17174 FBgn0039421 EST2955 FBgn0036931 EST5670 FBgn0030376 
EST1213 FBgn0051820 EST17179 FBgn0036796 EST2974 FBgn0032447 EST5708 FBgn0032525 
EST12187 FBgn0034882 EST17185 3R EST29762 FBgn0028935 EST5709 FBgn0039235 
EST122 FBgn0053223 EST17186 FBgn0036439 EST29770 FBgn0025837 EST5723 FBgn0038252 
EST12223 FBgn0038311 EST17205 FBgn0053286 EST29806 FBgn0036938 EST5727 FBgn0030814 
EST12225 FBgn0034416 EST17241 FBgn0263980 EST2983 FBgn0037040 EST5739 FBgn0032345 
EST12235 FBgn0010438 EST17256 FBgn0037986 EST29851 FBgn0033326 EST5771 FBgn0050275 
EST12275 FBgn0029859 EST1727 FBgn0051721 EST2996 FBgn0037498 EST5775 FBgn0033168 
EST12286 FBgn0031644 EST17294 FBgn0036499 EST3 FBgn0035988 EST5785 FBgn0028880 
EST123 FBgn0030294 EST17302 2R EST3001 FBgn0035078 EST5788 FBgn0034363 
EST1230 FBgn0037483 EST17318 FBgn0039147 EST3004 FBgn0037995 EST5816 FBgn0042098 
EST12363 FBgn0085190 EST17349 FBgn0039758 EST3011 FBgn0032314 EST5827 FBgn0034827 
EST12429 FBgn0086266 EST17352 FBgn0264754 EST3017 FBgn0033953 EST5833 2L 
EST12446 FBgn0035915 EST17356 FBgn0051279 EST30239 2L EST5856 FBgn0028943 
136 
 
EST12511 FBgn0051014 EST17372 FBgn0039228 EST30256 FBgn0052138 EST5858 FBgn0034066 
EST1259 FBgn0052819 EST17407 2L EST3034 FBgn0039395 EST5862 FBgn0038189 
EST126 FBgn0039752 EST17418 FBgn0035694 EST3038 FBgn0039616 EST587 FBgn0034374 
EST1277 FBgn0030780 EST17420 FBgn0028410 EST3039 FBgn0037962 EST5898 FBgn0052694 
EST1279 FBgn0028669 EST17475 FBgn0051659 EST3055 FBgn0036369 EST5915 FBgn0003140 
EST12820 FBgn0031785 EST1748 FBgn0053340 EST30591 FBgn0052984 EST5920 FBgn0031934 
EST129 FBgn0037862 EST17525 FBgn0062411 EST3061 FBgn0035263 EST5953 FBgn0037987 
EST12943 FBgn0030277 EST17558 FBgn0052774 EST3066 FBgn0028857 EST5965 FBgn0034467 
EST12988 FBgn0039124 EST17570 FBgn0035003 EST3070 FBgn0034133 EST5991 FBgn0015008 
EST13005 FBgn0003002 EST17621 FBgn0036485 EST30794 FBgn0005778 EST6003 FBgn0029667 
EST1324 FBgn0036895 EST17624 FBgn0029658 EST308 FBgn0035935 EST6054 FBgn0033442 
EST13270 FBgn0051327 EST17634 FBgn0052206 EST3080 FBgn0037375 EST6073 FBgn0037502 
EST13304 FBgn0026136 EST17650 FBgn0031296 EST3087 FBgn0260481 EST6080 FBgn0035273 
EST13417 FBgn0063485 EST17663 FBgn0036747 EST3088 FBgn0259729 EST6084 FBgn0032291 
EST135 FBgn0250825 EST17717 FBgn0038014 EST3090 FBgn0034251 EST6095 FBgn0037276 
EST1354 FBgn0051139 EST17750 3L EST3092 FBgn0036941 EST6113 FBgn0032609 
EST13542 FBgn0039656 EST17752 FBgn0004956 EST3099 FBgn0031168 EST6115 FBgn0050365 
EST1361 FBgn0052436 EST178 FBgn0031879 EST31055 FBgn0052081 EST612 FBgn0259794 
EST13633 FBgn0259795 EST1784 FBgn0031240 EST31086 FBgn0033145 EST6120 FBgn0051730 
EST13677 FBgn0000358 EST17872 2L EST3111 FBgn0051679 EST6125 FBgn0050156 
EST1369 FBgn0036924 EST17876 FBgn0250842 EST3114 2L EST6156 FBgn0051244 
EST1373 FBgn0063498 EST17918 FBgn0036224 EST3116 FBgn0036072 EST6158 FBgn0036204 
EST1376 FBgn0029753 EST1792 FBgn0037035 EST31206 FBgn0032163 EST6191 FBgn0250826 
EST13763 FBgn0032648 EST17924 FBgn0026616 EST3132 FBgn0034898 EST6198 FBgn0034684 
EST13799 FBgn0000044 EST17928 FBgn0050067 EST3133 FBgn0036962 EST6217 FBgn0030975 
EST138 FBgn0015024 EST17930 FBgn0030181 EST3150 FBgn0032522 EST6225 FBgn0039796 
EST13957 FBgn0028944 EST17975 FBgn0003009 EST31552 FBgn0038945 EST6249 FBgn0033542 
EST14035 FBgn0264298 EST1800 FBgn0026563 EST3158 FBgn0016041 EST6266 FBgn0050429 
EST14064 FBgn0052987 EST18051 FBgn0260436 EST31622 FBgn0037766 EST6273 FBgn0039190 
EST1409 FBgn0038248 EST18091 FBgn0085316 EST3166 FBgn0032969 EST628 FBgn0035852 
EST14094 FBgn0039783 EST1811 FBgn0035239 EST3174 FBgn0036159 EST6307 FBgn0039088 
EST141 FBgn0032649 EST18147 FBgn0034837 EST3190 FBgn0036785 EST6313 FBgn0023090 
EST14107 FBgn0036184 EST18151 FBgn0034973 EST3193 FBgn0038357 EST6314 FBgn0032867 
EST14120 FBgn0034352 EST18176 FBgn0259198 EST3207 FBgn0032004 EST6319 FBgn0085264 
EST14135 FBgn0036491 EST18186 FBgn0261846 EST3209 FBgn0036161 EST6324 FBgn0052440 
EST14137 FBgn0010317 EST18187 FBgn0032827 EST321 FBgn0039694 EST6336 FBgn0034105 
EST14157 FBgn0030507 EST18222 FBgn0040508 EST3214 FBgn0038109 EST6338 FBgn0040371 
EST14160 FBgn0036153 EST18294 FBgn0262598 EST3218 FBgn0036346 EST6348 FBgn0037325 
EST14161 FBgn0013772 EST18295 3L EST3224 FBgn0051682 EST635 FBgn0085197 
EST14181 FBgn0030827 EST18323 FBgn0032376 EST3228 FBgn0003733 EST6362 FBgn0037828 
137 
 
EST14182 FBgn0036214 EST18324 FBgn0032645 EST3229 FBgn0033330 EST6364 FBgn0031335 
EST142 FBgn0031462 EST18326 3L EST323 FBgn0051870 EST6368 FBgn0264364 
EST14224 FBgn0040391 EST18335 FBgn0032492 EST3231 FBgn0032768 EST6373 FBgn0032276 
EST14236 FBgn0003598 EST18344 FBgn0037837 EST3233 FBgn0034824 EST6381 FBgn0034850 
EST1425 FBgn0051226 EST18402 FBgn0036568 EST3238 FBgn0042710 EST6391 FBgn0034478 
EST14268 FBgn0033572 EST18406 FBgn0029993 EST3249 FBgn0034846 EST6426 FBgn0011832 
EST14272 FBgn0052201 EST18407 2L EST32499 FBgn0033324 EST6433 FBgn0037037 
EST14277 FBgn0029963 EST18455 FBgn0011569 EST3255 FBgn0033323 EST644 FBgn0086265 
EST14284 3L EST18473 FBgn0085489 EST3260 FBgn0033438 EST6445 2L 
EST14290 FBgn0032503 EST1852 FBgn0032369 EST32743 FBgn0038715 EST6449 FBgn0031103 
EST14294 FBgn0031749 EST18525 3L EST3279 FBgn0037506 EST6453 FBgn0029084 
EST14304 FBgn0039787 EST18532 FBgn0031496 EST3290 FBgn0039246 EST6497 FBgn0035124 
EST14313 FBgn0040345 EST1854 FBgn0033687 EST32929 FBgn0085380 EST6515 FBgn0031372 
EST14322 FBgn0052199 EST18567 FBgn0031746 EST3298 FBgn0028513 EST6524 FBgn0032972 
EST14331 FBgn0037365 EST18602 FBgn0035792 EST3300 FBgn0036895 EST6529 FBgn0047338 
EST1434 FBgn0032481 EST18603 FBgn0262514 EST3301 FBgn0025111 EST6539 FBgn0037464 
EST14348 FBgn0039201 EST18617 FBgn0033248 EST3309 FBgn0033954 EST6546 FBgn0039398 
EST14352 FBgn0032971 EST18664 FBgn0029948 EST3316 FBgn0036403 EST6547 FBgn0038089 
EST14357 FBgn0032929 EST18717 FBgn0026064 EST3322 FBgn0028838 EST6571 FBgn0050391 
EST14366 2R EST18781 FBgn0028667 EST3326 FBgn0037147 EST6573 FBgn0040508 
EST14370 FBgn0031757 EST18892 FBgn0039669 EST3328 FBgn0040076 EST6582 FBgn0038797 
EST14382 FBgn0051013 EST18921 FBgn0032365 EST333 FBgn0020279 EST6605 FBgn0062517 
EST14408 FBgn0031132 EST18927 FBgn0085206 EST33311 FBgn0262352 EST6610 FBgn0039425 
EST14423 FBgn0017590 EST19036 FBgn0083960 EST3342 2R EST6623 FBgn0030898 
EST14427 FBgn0032175 EST19057 FBgn0033278 EST3352 FBgn0051099 EST664 FBgn0000360 
EST14428 FBgn0034117 EST19094 FBgn0035328 EST33524 3R EST6648 FBgn0031720 
EST14453 FBgn0031592 EST19167 FBgn0085308 EST3353 FBgn0015218 EST6650 FBgn0051141 
EST14460 FBgn0025573 EST19182 3R EST3355 FBgn0035942 EST6652 FBgn0031937 
EST14472 FBgn0033322 EST19224 FBgn0030544 EST3377 FBgn0050271 EST6682 FBgn0037514 
EST14484 FBgn0052081 EST19229 FBgn0039483 EST34114 FBgn0034242 EST6695 FBgn0029669 
EST14491 FBgn0034513 EST19249 FBgn0031941 EST3427 2R EST6707 FBgn0067903 
EST14492 FBgn0039058 EST19263 FBgn0031279 EST3428 FBgn0036085 EST6758 FBgn0001228 
EST14493 FBgn0038377 EST1928 FBgn0033868 EST34377 FBgn0051806 EST6770 FBgn0031171 
EST14506 FBgn0030028 EST19280 FBgn0028858 EST3448 FBgn0052548 EST6777 FBgn0032590 
EST14510 FBgn0052087 EST19284 FBgn0037857 EST3468 FBgn0052396 EST6781 FBgn0039518 
EST14512 FBgn0034554 EST19318 FBgn0262566 EST3469 FBgn0260454 EST6847 2L 
EST14516 FBgn0061196 EST1932 FBgn0259917 EST3482 FBgn0261360 EST6849 FBgn0052240 
EST14517 FBgn0034560 EST19356 FBgn0030661 EST3491 FBgn0032082 EST6884 FBgn0030071 
EST14525 FBgn0028919 EST1939 FBgn0069354 EST34946 FBgn0033955 EST689 FBgn0032471 
EST14526 FBgn0038102 EST19402 FBgn0036531 EST34974 FBgn0029809 EST6924 FBgn0035857 
138 
 
EST14531 FBgn0032228 EST19442 X EST3501 FBgn0034834 EST6927 FBgn0032285 
EST14538 FBgn0038334 EST1945 FBgn0040994 EST3505 FBgn0033498 EST698 FBgn0038934 
EST14542 FBgn0033706 EST19499 FBgn0000588 EST3517 FBgn0260452 EST7001 FBgn0050056 
EST14548 FBgn0017557 EST19502 FBgn0031596 EST3520 FBgn0034435 EST7003 2L 
EST14558 FBgn0260454 EST19521 FBgn0039799 EST3531 FBgn0046332 EST7021 FBgn0033983 
EST14573 FBgn0003683 EST19530 2R EST35310 FBgn0262839 EST7034 FBgn0037626 
EST14579 X EST1955 FBgn0039010 EST3537 3L EST7049 FBgn0034967 
EST1458 FBgn0260461 EST19578 FBgn0036179 EST35376 FBgn0036482 EST7057 FBgn0262966 
EST14593 FBgn0031388 EST19663 FBgn0015574 EST3540 FBgn0028870 EST7109 FBgn0040763 
EST14595 FBgn0032521 EST19674 FBgn0045843 EST35412 FBgn0262123 EST711 FBgn0034464 
EST14655 FBgn0052488 EST19680 FBgn0264339 EST35425 3L EST7117 2R 
EST14658 FBgn0051926 EST19731 FBgn0029568 EST35447 FBgn0011596 EST7118 FBgn0259245 
EST14667 FBgn0039810 EST19739 FBgn0052319 EST3545 FBgn0034172 EST7200 2L 
EST14672 FBgn0032366 EST19784 3R EST3557 FBgn0085479 EST7204 FBgn0261816 
EST14680 FBgn0050089 EST19816 FBgn0036492 EST3570 FBgn0031085 EST7225 FBgn0003138 
EST1469 FBgn0037432 EST19868 FBgn0085318 EST3571 FBgn0032275 EST7233 FBgn0040519 
EST14695 FBgn0039598 EST19900 FBgn0037620 EST3573 FBgn0259151 EST7310 FBgn0037912 
EST14696 FBgn0039029 EST1994 FBgn0036093 EST3579 FBgn0035638 EST7311 FBgn0029501 
EST14709 FBgn0030721 EST20019 FBgn0034489 EST3587 FBgn0042179 EST7312 FBgn0039678 
EST14717 FBgn0035299 EST20035 FBgn0030951 EST3588 FBgn0033063 EST7319 FBgn0033680 
EST14719 FBgn0051320 EST2004 FBgn0040931 EST359 FBgn0030624 EST7344 FBgn0250840 
EST14728 FBgn0033490 EST2008 FBgn0053191 EST3595 FBgn0036784 EST7345 FBgn0033860 
EST14737 FBgn0052461 EST20130 FBgn0028570 EST35989 FBgn0041195 EST7349 FBgn0030241 
EST14778 2R EST2017 FBgn0037939 EST36025 FBgn0038960 EST736 FBgn0261564 
EST14779 FBgn0032303 EST20188 FBgn0001099 EST3610 FBgn0029751 EST739 FBgn0038993 
EST14780 FBgn0040755 EST20192 FBgn0037721 EST3614 FBgn0035097 EST7419 FBgn0029817 
EST14785 3L EST2021 FBgn0030004 EST3627 FBgn0037039 EST742 FBgn0051740 
EST14786 FBgn0030409 EST20240 FBgn0038122 EST36421 3R EST7432 FBgn0014466 
EST14794 FBgn0050268 EST20247 FBgn0031045 EST3643 FBgn0036687 EST7436 FBgn0259240 
EST148 FBgn0033286 EST20253 2R EST3644 FBgn0045770 EST744 FBgn0032419 
EST1481 FBgn0000427 EST2027 FBgn0053234 EST365 FBgn0260428 EST7450 FBgn0039366 
EST14813 FBgn0033350 EST2029 FBgn0026189 EST366 FBgn0032769 EST7475 FBgn0033112 
EST14815 FBgn0032127 EST20332 FBgn0260231 EST3666 FBgn0038706 EST7480 FBgn0030691 
EST14821 FBgn0030803 EST20358 FBgn0034173 EST3673 FBgn0028852 EST7484 FBgn0051816 
EST14823 FBgn0031905 EST20411 FBgn0031440 EST36775 FBgn0036089 EST7515 FBgn0035709 
EST14827 FBgn0031082 EST2042 FBgn0037705 EST3686 FBgn0031460 EST7523 FBgn0063261 
EST14830 FBgn0263022 EST20423 FBgn0032428 EST3700 FBgn0064912 EST7587 FBgn0260762 
EST14832 FBgn0030435 EST20428 2L EST3702 FBgn0004581 EST7612 FBgn0037512 
EST14848 FBgn0032368 EST20448 FBgn0053673 EST37122 FBgn0261683 EST7618 FBgn0032637 
EST14864 FBgn0260776 EST20524 FBgn0038539 EST3717 FBgn0036327 EST7624 FBgn0263048 
139 
 
EST14874 FBgn0051467 EST20528 FBgn0031301 EST37186 FBgn0051627 EST763 FBgn0028903 
EST14876 FBgn0032968 EST20551 FBgn0032104 EST3719 3L EST7644 FBgn0262103 
EST1488 FBgn0034840 EST20626 FBgn0037176 EST3720 FBgn0029661 EST7694 FBgn0034986 
EST1489 FBgn0002865 EST20646 FBgn0051496 EST3721 FBgn0053287 EST7697 FBgn0033056 
EST14894 2L EST20863 FBgn0038186 EST37274 FBgn0051204 EST7717 FBgn0034477 
EST14903 FBgn0032457 EST2087 FBgn0038213 EST3728 FBgn0031946 EST7763 FBgn0035007 
EST1491 FBgn0034132 EST20882 FBgn0032523 EST3731 FBgn0037388 EST7767 FBgn0054049 
EST14911 FBgn0031504 EST20951 X EST37431 FBgn0034417 EST7811 FBgn0035970 
EST14912 FBgn0030859 EST20955 FBgn0262365 EST3754 FBgn0000274 EST7825 FBgn0032431 
EST14923 FBgn0052670 EST20958 FBgn0030015 EST3767 FBgn0033933 EST7834 3R 
EST14932 FBgn0032313 EST20963 FBgn0038558 EST3784 FBgn0034957 EST7890 FBgn0052816 
EST14935 FBgn0052462 EST21009 FBgn0259922 EST3785 FBgn0030933 EST7891 FBgn0036029 
EST14939 FBgn0050488 EST21026 FBgn0051660 EST3788 2L EST7905 FBgn0031920 
EST1497 FBgn0263387 EST21031 FBgn0024183 EST3794 FBgn0051459 EST7946 FBgn0028560 
EST14975 FBgn0027329 EST21058 FBgn0050105 EST3797 FBgn0029656 EST7952 FBgn0032632 
EST1498 FBgn0051025 EST21100 FBgn0039599 EST3799 FBgn0037101 EST7977 FBgn0040602 
EST14984 FBgn0260459 EST2114 FBgn0033243 EST3800 FBgn0037910 EST8019 FBgn0034768 
EST14999 FBgn0034402 EST2117 FBgn0020385 EST3809 FBgn0031944 EST8063 FBgn0050340 
EST15009 3L EST21226 3L EST3812 FBgn0002962 EST808 FBgn0033888 
EST15013 FBgn0038018 EST2124 FBgn0003475 EST3814 FBgn0004373 EST81 FBgn0028902 
EST15025 FBgn0051021 EST21252 FBgn0032083 EST3827 FBgn0051115 EST8124 FBgn0031343 
EST15033 FBgn0039577 EST21262 FBgn0261587 EST3857 FBgn0040823 EST8139 2L 
EST15037 FBgn0003366 EST21330 FBgn0261802 EST3859 FBgn0036795 EST8153 FBgn0051415 
EST15041 FBgn0017556 EST21379 FBgn0039852 EST38602 FBgn0085336 EST8167 FBgn0030617 
EST15044 FBgn0261395 EST21426 FBgn0028520 EST3872 FBgn0028868 EST8191 FBgn0032771 
EST15046 FBgn0010258 EST21471 2R EST3875 FBgn0038090 EST820 FBgn0034483 
EST1505 FBgn0051773 EST2148 FBgn0038125 EST3883 FBgn0033074 EST8208 FBgn0053125 
EST15054 3R EST2150 FBgn0022981 EST38942 FBgn0003486 EST8209 FBgn0051029 
EST15061 FBgn0037023 EST2154 FBgn0038952 EST3896 FBgn0032061 EST8211 FBgn0025638 
EST15076 FBgn0260231 EST2157 FBgn0034374 EST3901 FBgn0039104 EST8224 2L 
EST15085 FBgn0051457 EST2161 FBgn0050015 EST3903 FBgn0260237 EST8250 FBgn0250844 
EST15087 FBgn0086916 EST21778 FBgn0043002 EST3924 FBgn0030050 EST8264 FBgn0031406 
EST15098 FBgn0263036 EST21830 FBgn0036495 EST3925 FBgn0038608 EST8288 FBgn0020399 
EST15100 FBgn0032109 EST21930 FBgn0030283 EST3933 FBgn0039203 EST8293 FBgn0031546 
EST15110 FBgn0042133 EST21954 FBgn0032588 EST3941 FBgn0041103 EST8295 FBgn0040814 
EST15130 X EST21974 2R EST3946 FBgn0262845 EST8322 FBgn0050192 
EST15131 FBgn0034463 EST22009 FBgn0052246 EST3947 FBgn0035724 EST8327 FBgn0050398 
EST15132 FBgn0030386 EST22036 FBgn0037170 EST3966 FBgn0052644 EST8336 FBgn0040651 
EST15135 FBgn0035316 EST2206 FBgn0052026 EST39736 FBgn0032577 EST8362 FBgn0036895 
EST15136 FBgn0024836 EST22207 FBgn0040996 EST3974 FBgn0028379 EST8368 FBgn0035626 
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EST15138 FBgn0038217 EST22237 FBgn0035009 EST3988 FBgn0036082 EST8380 FBgn0038708 
EST15146 FBgn0036799 EST22271 X EST40014 FBgn0033069 EST8473 FBgn0015831 
EST15150 FBgn0031861 EST22278 FBgn0085210 EST4004 FBgn0069913 EST8521 FBgn0030725 
EST15162 FBgn0051465 EST2231 FBgn0015582 EST4014 FBgn0034713 EST8526 FBgn0038655 
EST15167 FBgn0032455 EST2232 FBgn0052262 EST4038 FBgn0025838 EST854 FBgn0038210 
EST15177 FBgn0051860 EST22334 FBgn0085204 EST40455 3R EST860 FBgn0036652 
EST15183 3L EST22357 FBgn0037385 EST4049 FBgn0032894 EST8604 FBgn0034835 
EST15186 FBgn0033501 EST22424 FBgn0040093 EST4050 FBgn0030224 EST8614 FBgn0259184 
EST15188 FBgn0036329 EST22492 FBgn0052832 EST40531 FBgn0038124 EST8711 FBgn0032755 
EST15213 FBgn0250755 EST22536 FBgn0034322 EST4060 FBgn0029877 EST875 FBgn0050350 
EST15217 FBgn0036348 EST22539 FBgn0085369 EST4061 FBgn0043025 EST876 FBgn0036170 
EST15230 FBgn0033599 EST22588 FBgn0030940 EST4072 FBgn0034263 EST877 FBgn0031620 
EST15239 FBgn0035014 EST2262 FBgn0038269 EST4073 FBgn0260986 EST8794 FBgn0035584 
EST15250 FBgn0036350 EST22621 FBgn0262807 EST4095 3R EST8903 FBgn0032654 
EST15254 FBgn0040477 EST22633 FBgn0042126 EST4113 FBgn0034687 EST8904 FBgn0031723 
EST1526 FBgn0036415 EST22636 FBgn0029701 EST4141 FBgn0051546 EST8921 FBgn0085303 
EST15281 3R EST22712 FBgn0264563 EST4145 FBgn0034566 EST8928 FBgn0031235 
EST15285 FBgn0038008 EST2272 FBgn0052064 EST4146 FBgn0053322 EST8955 FBgn0038200 
EST153 FBgn0037616 EST22744 FBgn0052463 EST4149 FBgn0034601 EST8962 FBgn0035491 
EST15315 FBgn0037751 EST22754 FBgn0040871 EST4155 FBgn0261624 EST9123 FBgn0041102 
EST15322 FBgn0039059 EST22763 2L EST4157 FBgn0051161 EST9191 FBgn0033286 
EST15333 FBgn0034825 EST22849 FBgn0037888 EST417 FBgn0011244 EST9207 FBgn0036125 
EST15336 FBgn0036670 EST2287 FBgn0031626 EST4180 X EST9229 FBgn0035568 
EST15337 3R EST2289 FBgn0028892 EST4181 FBgn0039568 EST9239 FBgn0035384 
EST1535 FBgn0032648 EST2297 FBgn0032878 EST4185 FBgn0052119 EST9293 FBgn0037879 
EST15352 FBgn0032464 EST22976 FBgn0036173 EST4195 FBgn0052061 EST9296 FBgn0036031 
EST15360 FBgn0032966 EST22978 FBgn0040906 EST4200 FBgn0031591 EST93 FBgn0036729 
EST15379 FBgn0040376 EST23021 FBgn0037254 EST4204 FBgn0051528 EST9304 2R 
EST15385 FBgn0053285 EST23029 FBgn0052846 EST4240 FBgn0034776 EST9322 FBgn0037759 
EST15419 FBgn0033865 EST23030 FBgn0035136 EST4245 FBgn0004181 EST9337 FBgn0037571 
EST15423 FBgn0032072 EST2308 FBgn0036160 EST4249 FBgn0032520 EST9339 FBgn0264743 
EST15429 FBgn0032473 EST23082 FBgn0262812 EST4253 FBgn0052141 EST9346 2R 
EST15452 FBgn0038275 EST23134 X EST4259 X EST937 FBgn0034097 
EST15455 FBgn0031444 EST2330 FBgn0034816 EST4272 FBgn0035952 EST9372 FBgn0034472 
EST15464 FBgn0030104 EST23355 FBgn0053140 EST4276 FBgn0051007 EST9442 FBgn0014395 
EST15478 FBgn0033890 EST2336 FBgn0039214 EST429 FBgn0051294 EST9478 FBgn0038163 
EST15500 FBgn0039343 EST2339 FBgn0033696 EST4306 FBgn0051702 EST9497 FBgn0038690 
EST15502 FBgn0035004 EST2345 FBgn0004400 EST4314 FBgn0029951 EST9542 FBgn0261575 
EST15503 FBgn0034924 EST23485 FBgn0035924 EST4316 FBgn0013810 EST958 FBgn0034745 
EST15511 FBgn0035644 EST2349 FBgn0250816 EST4330 FBgn0029947 EST9596 FBgn0051515 
141 
 
EST15524 FBgn0030863 EST23509 FBgn0004456 EST4346 FBgn0032530 EST9647 FBgn0263236 
EST15536 FBgn0052086 EST23522 FBgn0085285 EST4348 X EST965 FBgn0033969 
EST15589 FBgn0039251 EST23529 FBgn0039812 EST4352 FBgn0040362 EST9659 FBgn0034152 
EST15590 FBgn0031406 EST23650 FBgn0033893 EST4354 FBgn0032677 EST9668 FBgn0051639 
EST15597 2L EST23709 FBgn0262719 EST4365 FBgn0037320 EST967 FBgn0085199 
EST15630 FBgn0038236 EST2372 FBgn0037988 EST4376 FBgn0029945 EST9688 FBgn0028942 
EST15638 FBgn0031733 EST23732 FBgn0037879 EST4377 FBgn0032554 EST9697 FBgn0260758 
EST15643 FBgn0037462 EST23766 FBgn0003886 EST4381 FBgn0034403 EST9749 3R 
EST15649 FBgn0000927 EST23850 FBgn0031729 EST4389 FBgn0030813 EST9757 FBgn0035198 
EST15658 FBgn0260932 EST23959 FBgn0033440 EST4395 FBgn0031332 EST9796 FBgn0051407 
EST15665 FBgn0034569 EST23979 3R EST4396 FBgn0014465 EST9845 FBgn0033512 
EST15678 FBgn0043792 EST24055 3L EST4405 FBgn0034842 EST9928 FBgn0038355 
EST15689 FBgn0035799 EST2410 FBgn0064119 EST4433 FBgn0034833 EST9960 FBgn0032371 
EST157 3L EST2415 FBgn0035776 EST4442 FBgn0039797 EST997 FBgn0264307 
EST1575 FBgn0038208 EST2417 FBgn0039071 EST4447 FBgn0037086 EST9989 FBgn0250827 
EST15753 FBgn0037323 EST2423 FBgn0037826 EST4454 FBgn0051473     
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Appendix A4; List of genes encoding ribosomal proteins that were used to test for 1:1 
X:Autosome expression. Results reported in second last section of the Results and Discussion in 
the main manuscript. Both D. serrata gene ID (EST) and the corresponding D. melanogaster 
FlyBase gene ID (Dmel_FBgn) are shown along with an X/Austosome descriptor. 
 
EST Dmel_FBgn chromosome EST Dmel_FBgn chromosome 
EST10900 FBgn0261608 2L EST3633 FBgn0261602 3L 
EST18024 FBgn0261606 2L EST41 FBgn0026372 3L 
EST18615 FBgn0010265 2L EST517 FBgn0017579 3L 
EST19446 FBgn0003942 2L EST5627 FBgn0036825 3L 
EST20892 FBgn0003941 2L EST627 FBgn0035753 3L 
EST27284 FBgn0031980 2L EST68 FBgn0028697 3L 
EST4028 FBgn0005593 2L EST10206 FBgn0039857 3R 
EST42 FBgn0004867 2L EST12413 FBgn0261599 3R 
EST4705 FBgn0011272 2L EST16238 FBgn0038281 3R 
EST5008 FBgn0032518 2L EST16484 FBgn0039713 3R 
EST6065 FBgn0032987 2L EST18842 FBgn0039359 3R 
EST6262 FBgn0261597 2L EST1935 FBgn0037899 3R 
EST8000 FBgn0015521 2L EST25587 FBgn0002626 3R 
EST87 FBgn0002593 2L EST25732 FBgn0039129 3R 
EST10094 FBgn0002607 2R EST4175 FBgn0020910 3R 
EST15792 FBgn0064225 2R EST428 FBgn0038834 3R 
EST17808 FBgn0010078 2R EST4333 FBgn0037351 3R 
EST17886 FBgn0034138 2R EST4470 FBgn0038277 3R 
EST17991 FBgn0013325 2R EST5144 FBgn0037328 3R 
EST18121 FBgn0033699 2R EST5687 FBgn0086472 3R 
EST18147 FBgn0034837 2R EST6668 FBgn0019936 3R 
EST23570 FBgn0034743 2R EST7287 FBgn0037686 3R 
EST28363 FBgn0025286 2R EST7984 FBgn0003279 3R 
EST30671 FBgn0023170 2R EST9301 FBgn0002622 3R 
EST33761 FBgn0003274 2R EST11899 FBgn0029897 X 
EST4788 FBgn0033485 2R EST12338 FBgn0010412 X 
EST5196 FBgn0010409 2R EST15887 FBgn0002590 X 
EST5257 FBgn0034968 2R EST16228 FBgn0014026 X 
EST5882 FBgn0033912 2R EST220 FBgn0015288 X 
EST5964 FBgn0261596 2R EST29432 FBgn0004404 X 
EST6192 FBgn0010411 2R EST33338 FBgn0004403 X 
EST6928 FBgn0040007 2R EST4881 FBgn0010198 X 
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EST8075 FBgn0016726 2R EST5436 FBgn0261592 X 
EST9413 FBgn0066084 2R EST5501 FBgn0261593 X 
EST15875 FBgn0024733 3L EST6012 FBgn0029785 X 
EST16168 FBgn0036213 3L EST6635 FBgn0030136 X 
EST19654 FBgn0010408 3L EST7261 FBgn0030616 X 
EST3197 FBgn0000100 3L EST7479 FBgn0002579 X 
EST3565 FBgn0011284 3L       
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Appendix B 
Appendix B1; Number of genes with significant male or female expression divergence broken 
down by sex-bias type and divergence mode when using either a 2-fold or 1.5-fold expression 
difference to define sex-bias. 
2-fold sex-bias threshold 
Sex-bias n genes Divergence mode 
    Clinal Population-specific Both Total (either) 
Males      
Unbiased 4830 243 (5.0)** 287 (5.9)  88 (1.8) 618 (12.8) 
Female-biased 2648 57 (2.2) 101 (3.8) 26 (1.0) 184 (6.9) 
Male-biased 2456 148 (6.0)** 304 (12.4)** 75 (3.1)** 527 (21.5)** 
Male-limited 1357 34 (2.5) 89 (6.3) 31 (2.3) 151 (11.1) 
All genes 11291 482 (4.3) 781 (6.9) 220 (1.9) 1483 (13.1) 
           
Females 
Unbiased 4830 152 (3.1) 120 (2.5) 40 (0.8) 312 (6.5) 
Female-biased 2648 78 (2.9) 62 (2.3) 20 (0.8) 160 (6.0) 
Male-biased 2456 89 (3.6) 151 (6.1)** 82 (3.3)** 322 (13.1)** 
Female-limited 45 6 (13.3)** 4 (8.9)* 1 (2.2) 11 (24.4)** 
All genes 9979 325 (3.3) 337 (3.4) 143 (1.4) 805 (8.1) 
* p < 0.05; ** p < 0.005 
     
1.5-fold sex-bias threshold 
Sex-bias n genes Divergence mode 
    Clinal Population-specific Both Total (either) 
Males      
Unbiased 2789 122 (4.4)* 157 (5.6) 35 (1.3) 314 (11.3) 
Female-biased 3779 91 (2.4) 153 (4.1) 42 (1.1) 286 (7.6) 
Male-biased 3366 235 (7.0)** 382 (11.3)** 112 (3.3)** 729 (21.7)** 
Male-limited 1357 34 (2.5) 89 (6.3) 31 (2.3) 154 (11.3) 
All genes 11291 482 (4.3) 781 (6.9) 220 (1.9) 1483 (13.1) 
           
Females 
Unbiased 2789 93 (3.3) 63 (2.3) 25 (0.9) 181 (6.5) 
Female-biased 3779 111 (2.9) 95 (2.5) 28 (0.7) 234 (6.2) 
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Male-biased 3366 115 (3.4) 175 (5.2)** 89 (2.6)** 379 (11.3)** 
Female-limited 45 6 (13.3)** 4 (8.9)* 1 (2.2) 11 (24.4)** 
All genes 9979 325 (3.3) 337 (3.4) 143 (1.4) 805 (8.1) 
* p < 0.05; ** p < 0.005 
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Appendix B2; Numbers of genes showing significant divergence (FDR<0.05) among populations 
in Drosophila serrata broken down by sex-bias class, divergence mode and chromosome. Genes 
in the unknown and unplaced (U) categories are greyed out to signify that they were not included 
in the total sample sizes when performing hypergeometric tests. 
Overall divergence 
Sex Sex-bias Chromosome Total genes  Diverged test p 
Males Unbiased X 736 49 Deficit 4.20E-09 
 
Unbiased 2L 853 138 Enriched 6.11E-04 
 
Unbiased 2R 962 131 Enriched 1.85E-01 
 
Unbiased 3L 970 128 Enriched 3.22E-01 
 
Unbiased 3R 1,100 147 Enriched 2.48E-01 
 
Unbiased 4 31 3 Deficit 4.25E-01 
 
Unbiased U 23 1 Deficit 1.86E-01 
 
Unbiased unknown 155 21 Enriched 3.35E-01 
  
All genes 4,652 596     
Males Female-biased X 526 27 Deficit 4.86E-02 
 
Female-biased 2L 437 28 Deficit 3.99E-01 
 
Female-biased 2R 487 26 Deficit 8.70E-02 
 
Female-biased 3L 466 35 Enriched 2.23E-01 
 
Female-biased 3R 631 57 Enriched 5.21E-03 
 
Female-biased 4 18 2 Enriched 1.20E-01 
 
Female-biased U 3 1 Enriched 1.33E-02 
 
Female-biased unknown 80 8 Enriched 9.12E-02 
  
All genes 2,565 175     
Males Male-biased X 284 38 Deficit 1.14E-04 
 
Male-biased 2L 427 91 Deficit 4.56E-01 
 
Male-biased 2R 522 129 Enriched 2.41E-02 
 
Male-biased 3L 443 97 Enriched 4.15E-01 
 
Male-biased 3R 654 150 Enriched 1.58E-01 
 
Male-biased 4 22 4 Deficit 4.66E-01 
 
Male-biased U 5 3 Enriched 9.00E-03 
 
Male-biased unknown 99 15 Deficit 6.58E-02 
  
All genes 2,352 509     
Males Male-limited X 111 7 Deficit 5.48E-02 
 
Male-limited Y 6 0 Deficit 4.92E-01 
 
Male-limited 2L 279 35 Enriched 8.32E-01 
 
Male-limited 2R 246 22 Deficit 1.31E-01 
 
Male-limited 3L 239 33 Enriched 9.40E-01 
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Male-limited 3R 312 35 Enriched 5.67E-01 
 
Male-limited 4 1 1 Enriched 1.00E+00 
 
Male-limited U 7 1 Enriched 8.22E-01 
 
Male-limited unknown 156 20 Enriched 8.05E-01 
  
All genes 1,194 133     
Females Unbiased X 736 57 Enriched 5.01E-02 
 
Unbiased 2L 853 67 Enriched 2.73E-02 
 
Unbiased 2R 962 53 Deficit 1.08E-01 
 
Unbiased 3L 970 49 Deficit 2.70E-02 
 
Unbiased 3R 1,100 73 Enriched 3.44E-01 
 
Unbiased 4 31 0 Deficit 1.27E-01 
 
Unbiased U 23 1 Enriched 4.41E-01 
 
Unbiased unknown 155 12 Enriched 1.95E-01 
  
All genes 4,652 299     
Females Female-biased X 526 43 Enriched 9.82E-03 
 
Female-biased 2L 437 18 Deficit 3.63E-02 
 
Female-biased 2R 487 30 Enriched 4.03E-01 
 
Female-biased 3L 466 26 Deficit 3.67E-01 
 
Female-biased 3R 631 38 Enriched 4.66E-01 
 
Female-biased 4 18 0 Deficit 3.24E-01 
 
Female-biased U 3 0 Enriched 1.71E-01 
 
Female-biased unknown 80 5 Enriched 3.53E-01 
  
All genes 2,565 155     
Females Male-biased X 284 43 Enriched 1.06E-01 
 
Male-biased 2L 427 56 Enriched 4.24E-01 
 
Male-biased 2R 522 68 Enriched 4.49E-01 
 
Male-biased 3L 443 55 Deficit 3.84E-01 
 
Male-biased 3R 654 82 Deficit 3.79E-01 
 
Male-biased 4 22 1 Deficit 2.00E-01 
 
Male-biased U 5 3 Enriched 1.25E-03 
 
Male-biased unknown 99 14 Enriched 2.97E-01 
  
All genes 2,352 305     
Females Female-limited X 12 3 Enriched 3.60E-01 
 
Female-limited 2L 12 3 Enriched 3.60E-01 
 
Female-limited 2R 2 0 Enriched 4.52E-01 
 
Female-limited 3L 10 4 Enriched 5.56E-02 
 
Female-limited 3R 3 0 Deficit 4.00E-01 
 
Female-limited 4 0 0 Enriched 0.00E+00 
 
Female-limited U 0 0 Enriched 0.00E+00 
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Female-limited unknown 6 1 Enriched 4.90E-01 
    All genes 39 10     
 
Linear cline 
Sex Sex-bias Chromosome Total genes  Diverged test p-value 
Males Unbiased X 736 17 Deficit 2.47E-05 
 
Unbiased 2L 853 60 Enriched 1.32E-03 
 
Unbiased 2R 962 57 Enriched 2.58E-02 
 
Unbiased 3L 970 51 Enriched 6.20E-02 
 
Unbiased 3R 1,100 49 Deficit 3.63E-02 
 
Unbiased 4 31 2 Enriched 2.65E-01 
 
Unbiased U 23 1 Enriched 3.72E-01 
 
Unbiased unknown 155 6 Deficit 1.28E-01 
  
All genes 4,652 236     
Males Female-biased X 526 6 Deficit 5.28E-02 
 
Female-biased 2L 437 16 Enriched 6.22E-03 
 
Female-biased 2R 487 11 Enriched 3.21E-01 
 
Female-biased 3L 466 10 Enriched 3.90E-01 
 
Female-biased 3R 631 11 Deficit 2.91E-01 
 
Female-biased 4 18 0 Enriched 3.19E-01 
 
Female-biased U 3 0 Enriched 6.19E-02 
 
Female-biased unknown 80 3 Enriched 8.56E-02 
  
All genes 2,565 54     
Males Male-biased X 284 11 Deficit 5.42E-02 
 
Male-biased 2L 427 31 Enriched 1.17E-01 
 
Male-biased 2R 522 33 Enriched 3.69E-01 
 
Male-biased 3L 443 23 Deficit 2.15E-01 
 
Male-biased 3R 654 45 Enriched 1.48E-01 
 
Male-biased 4 22 1 Enriched 3.94E-01 
 
Male-biased U 5 0 Enriched 2.71E-01 
 
Male-biased unknown 99 4 Deficit 2.63E-01 
  
All genes 2,352 144     
Males Male-limited X 111 1 Deficit 2.14E-01 
 
Male-limited Y 6 0 Enriched 1.42E-01 
 
Male-limited 2L 279 11 Enriched 2.97E-02 
 
Male-limited 2R 246 3 Deficit 1.05E-01 
 
Male-limited 3L 239 8 Enriched 1.26E-01 
 
Male-limited 3R 312 6 Deficit 2.95E-01 
 
Male-limited 4 1 1 Enriched 0.00E+00 
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Male-limited U 7 0 Enriched 1.64E-01 
 
Male-limited unknown 156 1 Deficit 7.99E-02 
  
All genes 1,194 30     
Females Unbiased X 736 28 Enriched 1.16E-01 
 
Unbiased 2L 853 29 Enriched 2.86E-01 
 
Unbiased 2R 962 29 Deficit 4.34E-01 
 
Unbiased 3L 970 27 Deficit 2.61E-01 
 
Unbiased 3R 1,100 34 Deficit 4.86E-01 
 
Unbiased 4 31 0 Deficit 3.68E-01 
 
Unbiased U 23 0 Deficit 4.77E-01 
 
Unbiased unknown 155 5 Enriched 3.65E-01 
  
All genes 4,652 147     
Females Female-biased X 526 18 Enriched 2.16E-01 
 
Female-biased 2L 437 14 Enriched 3.26E-01 
 
Female-biased 2R 487 15 Enriched 3.87E-01 
 
Female-biased 3L 466 18 Enriched 9.12E-02 
 
Female-biased 3R 631 12 Deficit 3.72E-02 
 
Female-biased 4 18 0 Enriched 4.23E-01 
 
Female-biased U 3 0 Enriched 8.74E-02 
 
Female-biased unknown 80 1 Deficit 2.99E-01 
  
All genes 2,565 77     
Females Male-biased X 284 16 Enriched 2.23E-02 
 
Male-biased 2L 427 17 Enriched 2.71E-01 
 
Male-biased 2R 522 20 Enriched 3.25E-01 
 
Male-biased 3L 443 8 Deficit 1.22E-02 
 
Male-biased 3R 654 23 Deficit 4.94E-01 
 
Male-biased 4 22 1 Enriched 1.88E-01 
 
Male-biased U 5 1 Enriched 1.20E-02 
 
Male-biased unknown 99 3 Enriched 4.85E-01 
  
All genes 2,352 85     
Females Female-limited X 12 2 Enriched 1.59E-01 
 
Female-limited 2L 12 2 Enriched 1.59E-01 
 
Female-limited 2R 2 0 Enriched 2.43E-01 
 
Female-limited 3L 10 1 Enriched 3.81E-01 
 
Female-limited 3R 3 0 Enriched 3.45E-01 
 
Female-limited 4 0 0 Enriched 0.00E+00 
 
Female-limited U 0 0 Enriched 0.00E+00 
 
Female-limited unknown 6 1 Enriched 1.61E-01 
    All genes 39 5     
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Population-specific 
Sex Sex-bias Chromosome Total genes  Diverged test p-value 
Males Unbiased X 736 27 Deficit 9.77E-04 
 
Unbiased 2L 853 63 Enriched 8.59E-03 
 
Unbiased 2R 962 59 Enriched 5.73E-02 
 
Unbiased 3L 970 56 Deficit 6.02E-02 
 
Unbiased 3R 1,100 69 Enriched 4.84E-02 
 
Unbiased 4 31 1 Deficit 2.95E-01 
 
Unbiased U 23 0 Deficit 2.45E-01 
 
Unbiased unknown 155 12 Enriched 7.81E-02 
  
All genes 4,652 275     
Males Female-biased X 526 18 Deficit 3.88E-01 
 
Female-biased 2L 437 9 Deficit 2.32E-02 
 
Female-biased 2R 487 15 Deficit 2.39E-01 
 
Female-biased 3L 466 15 Deficit 3.07E-01 
 
Female-biased 3R 631 37 Enriched 6.70E-04 
 
Female-biased 4 18 2 Enriched 2.76E-02 
 
Female-biased U 3 1 Enriched 4.06E-03 
 
Female-biased unknown 80 4 Enriched 1.78E-01 
  
All genes 2,565 96     
Males Male-biased X 284 22 Deficit 4.91E-03 
 
Male-biased 2L 427 48 Deficit 2.25E-01 
 
Male-biased 2R 522 70 Enriched 2.05E-01 
 
Male-biased 3L 443 63 Enriched 9.36E-02 
 
Male-biased 3R 654 88 Enriched 1.64E-01 
 
Male-biased 4 22 2 Deficit 4.71E-01 
 
Male-biased U 5 3 Enriched 1.07E-03 
 
Male-biased unknown 99 8 Deficit 1.13E-01 
  
All genes 2,352 293     
Males Male-limited X 111 6 Deficit 4.88E-01 
 
Male-limited Y 6 0 Enriched 3.12E-01 
 
Male-limited 2L 279 15 Deficit 3.59E-01 
 
Male-limited 2R 246 10 Deficit 9.25E-02 
 
Male-limited 3L 239 18 Enriched 1.09E-01 
 
Male-limited 3R 312 23 Enriched 9.93E-02 
 
Male-limited 4 1 0 Enriched 6.03E-02 
 
Male-limited U 7 1 Enriched 6.18E-02 
 
Male-limited unknown 156 16 Enriched 8.23E-03 
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All genes 1,194 72     
Females Unbiased X 736 20 Enriched 2.56E-01 
 
Unbiased 2L 853 25 Enriched 1.31E-01 
 
Unbiased 2R 962 16 Deficit 4.43E-02 
 
Unbiased 3L 970 19 Deficit 1.59E-01 
 
Unbiased 3R 1,100 34 Enriched 4.90E-02 
 
Unbiased 4 31 0 Deficit 4.62E-01 
 
Unbiased U 23 1 Enriched 1.08E-01 
 
Unbiased unknown 155 5 Enriched 1.79E-01 
  
All genes 4,652 114     
Females Female-biased X 526 17 Enriched 4.36E-02 
 
Female-biased 2L 437 3 Deficit 5.60E-03 
 
Female-biased 2R 487 14 Enriched 1.35E-01 
 
Female-biased 3L 466 5 Deficit 2.96E-02 
 
Female-biased 3R 631 20 Enriched 3.72E-02 
 
Female-biased 4 18 0 Enriched 3.43E-01 
 
Female-biased U 3 0 Enriched 6.75E-02 
 
Female-biased unknown 80 3 Enriched 1.10E-01 
  
All genes 2,565 59     
Females Male-biased X 284 14 Deficit 2.09E-01 
 
Male-biased 2L 427 23 Deficit 2.56E-01 
 
Male-biased 2R 522 32 Enriched 4.85E-01 
 
Male-biased 3L 443 33 Enriched 9.69E-02 
 
Male-biased 3R 654 44 Enriched 2.27E-01 
 
Male-biased 4 22 0 Deficit 2.43E-01 
 
Male-biased U 5 0 Enriched 2.74E-01 
 
Male-biased unknown 99 5 Deficit 4.13E-01 
  
All genes 2,352 146     
Females Female-limited X 12 0 Deficit 2.13E-01 
 
Female-limited 2L 12 1 Enriched 3.60E-01 
 
Female-limited 2R 2 0 Enriched 1.97E-01 
 
Female-limited 3L 10 3 Enriched 2.55E-03 
 
Female-limited 3R 3 0 Enriched 2.84E-01 
 
Female-limited 4 0 0 Enriched 0.00E+00 
 
Female-limited U 0 0 Enriched 0.00E+00 
 
Female-limited unknown 6 0 Deficit 4.98E-01 
    All genes 39 4     
 
Clinal and population 
152 
 
Sex Sex-bias Chromosome Total genes  Divergence test p-value 
Males Unbiased X 736 5 Deficit 3.20E-03 
 
Unbiased 2L 853 15 Deficit 1.12E-01 
 
Unbiased 2R 962 15 Deficit 8.84E-02 
 
Unbiased 3L 970 21 Enriched 6.95E-02 
 
Unbiased 3R 1,100 29 Enriched 8.19E-03 
 
Unbiased 4 31 0 Enriched 5.64E-01 
 
Unbiased U 23 0 Enriched 6.54E-01 
 
Unbiased unknown 155 3 Enriched 2.29E-01 
  
All genes 4,652 85     
Males Female-biased X 526 3 Deficit 2.14E-01 
 
Female-biased 2L 437 3 Deficit 3.62E-01 
 
Female-biased 2R 487 0 Deficit 5.03E-03 
 
Female-biased 3L 466 10 Enriched 2.42E-03 
 
Female-biased 3R 631 9 Enriched 6.39E-02 
 
Female-biased 4 18 0 Enriched 1.62E-01 
 
Female-biased U 3 0 Enriched 2.90E-02 
 
Female-biased unknown 80 1 Enriched 1.82E-01 
  
All genes 2,565 25     
Males Male-biased X 284 5 Deficit 1.16E-01 
 
Male-biased 2L 427 12 Deficit 4.42E-01 
 
Male-biased 2R 522 26 Enriched 2.00E-03 
 
Male-biased 3L 443 11 Deficit 2.70E-01 
 
Male-biased 3R 654 17 Deficit 2.54E-01 
 
Male-biased 4 22 1 Enriched 1.44E-01 
 
Male-biased U 5 0 Enriched 1.44E-01 
 
Male-biased unknown 99 3 Enriched 3.60E-01 
  
All genes 2,352 72     
Males Male-limited X 111 0 Deficit 4.66E-02 
 
Male-limited Y 6 0 Enriched 1.46E-01 
 
Male-limited 2L 279 9 Enriched 1.65E-01 
 
Male-limited 2R 246 9 Enriched 8.52E-02 
 
Male-limited 3L 239 7 Enriched 2.69E-01 
 
Male-limited 3R 312 6 Deficit 2.60E-01 
 
Male-limited 4 1 0 Enriched 2.60E-02 
 
Male-limited U 7 0 Enriched 1.69E-01 
 
Male-limited unknown 156 0 Deficit 1.23E-02 
  
All genes 1,194 31     
Females Unbiased X 736 9 Enriched 6.62E-02 
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Unbiased 2L 853 13 Enriched 5.34E-03 
 
Unbiased 2R 962 8 Enriched 3.84E-01 
 
Unbiased 3L 970 3 Deficit 2.91E-02 
 
Unbiased 3R 1,100 5 Deficit 8.52E-02 
 
Unbiased 4 31 0 Enriched 2.25E-01 
 
Unbiased U 23 0 Enriched 1.72E-01 
 
Unbiased unknown 155 2 Enriched 1.32E-01 
  
All genes 4,652 38     
Females Female-biased X 526 8 Enriched 7.68E-03 
 
Female-biased 2L 437 1 Deficit 1.40E-01 
 
Female-biased 2R 487 1 Deficit 9.90E-02 
 
Female-biased 3L 466 3 Enriched 4.63E-01 
 
Female-biased 3R 631 6 Enriched 1.63E-01 
 
Female-biased 4 18 0 Enriched 1.26E-01 
 
Female-biased U 3 0 Enriched 2.21E-02 
 
Female-biased unknown 80 1 Enriched 1.17E-01 
  
All genes 2,565 19     
Females Male-biased X 284 13 Enriched 5.51E-02 
 
Male-biased 2L 427 16 Enriched 1.73E-01 
 
Male-biased 2R 522 16 Enriched 4.81E-01 
 
Male-biased 3L 443 14 Enriched 4.21E-01 
 
Male-biased 3R 654 15 Deficit 8.76E-02 
 
Male-biased 4 22 0 Deficit 4.93E-01 
 
Male-biased U 5 2 Enriched 2.86E-04 
 
Male-biased unknown 99 6 Enriched 3.37E-02 
  
All genes 2,352 74     
Females Female-limited X 12 1 Enriched 0.00E+00 
 
Female-limited 2L 12 0 Enriched 3.08E-01 
 
Female-limited 2R 2 0 Enriched 5.13E-02 
 
Female-limited 3L 10 0 Enriched 2.56E-01 
 
Female-limited 3R 3 0 Enriched 7.69E-02 
 
Female-limited 4 0 0 Enriched 0.00E+00 
 
Female-limited U 0 0 Enriched 0.00E+00 
 
Female-limited unknown 6 0 Enriched 1.54E-01 
    All genes 39 1     
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Appendix B3; G:Profiler Gene Ontology term analysis of divergent genes (FDR<0.05) broken 
down by sex and divergence mode. 
Sex Divergence mode p-value GO term ID GO term 
class 
GO term name 
female clinal 5.00E-02 GO:0043062 BP extracellular structure organization 
female clinal 8.06E-03 GO:0030198 BP extracellular matrix organization 
female clinal 6.31E-04 GO:0035803 BP egg coat formation 
female clinal 2.51E-04 GO:0085029 BP extracellular matrix assembly 
female clinal 6.31E-04 GO:0030704 BP vitelline membrane formation 
female clinal 6.31E-04 GO:0007305 BP vitelline membrane formation involved in 
chorion-containing eggshell formation 
female clinal 4.65E-02 GO:0090163 BP establishment of epithelial cell planar 
polarity 
female clinal 3.49E-02 GO:0007559 BP obsolete histolysis 
female clinal 4.65E-02 GO:0045200 BP establishment of neuroblast polarity 
female clinal 1.16E-02 GO:0005614 CC interstitial matrix 
female clinal 1.62E-03 GO:0035804 MF structural constituent of egg coat 
female clinal 1.62E-03 GO:0008316 MF structural constituent of vitelline membrane 
female clinal 3.49E-02 GO:0045159 MF myosin II binding 
female population-
specific 
5.00E-02 GO:0003824 MF catalytic activity 
female both 5.00E-02 GO:0007286 BP spermatid development 
female both 4.18E-02 GO:0006900 BP membrane budding 
female both 2.00E-02 GO:0032553 MF ribonucleotide binding 
female both 1.86E-02 GO:0001882 MF nucleoside binding 
female both 1.69E-02 GO:0001883 MF purine nucleoside binding 
female both 1.80E-02 GO:0032549 MF ribonucleoside binding 
female both 1.69E-02 GO:0032550 MF purine ribonucleoside binding 
female both 2.06E-02 GO:0017076 MF purine nucleotide binding 
female both 1.69E-02 GO:0032555 MF purine ribonucleotide binding 
female both 1.67E-02 GO:0035639 MF purine ribonucleoside triphosphate binding 
male clinal 3.38E-02 GO:0015918 BP sterol transport 
male clinal 1.00E-02 GO:0007586 BP digestion 
male clinal 1.71E-02 GO:0046040 BP IMP metabolic process 
male clinal 1.71E-02 GO:0006188 BP IMP biosynthetic process 
male clinal 9.91E-03 GO:0006189 BP de novo' IMP biosynthetic process 
male clinal 4.43E-05 GO:0005975 BP carbohydrate metabolic process 
male clinal 6.99E-06 GO:0008152 BP metabolic process 
male clinal 1.12E-05 GO:0044710 BP single-organism metabolic process 
male clinal 1.69E-04 GO:0044281 BP small molecule metabolic process 
male clinal 4.20E-02 GO:0005996 BP monosaccharide metabolic process 
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male clinal 2.11E-04 GO:0055114 BP oxidation-reduction process 
male clinal 3.52E-03 GO:0044712 BP single-organism catabolic process 
male clinal 2.31E-03 GO:0044282 BP small molecule catabolic process 
male clinal 2.13E-02 GO:0016042 BP lipid catabolic process 
male clinal 1.27E-02 GO:0044242 BP cellular lipid catabolic process 
male clinal 1.92E-04 GO:0006082 BP organic acid metabolic process 
male clinal 1.31E-05 GO:0043436 BP oxoacid metabolic process 
male clinal 1.31E-05 GO:0019752 BP carboxylic acid metabolic process 
male clinal 2.66E-03 GO:0006520 BP cellular amino acid metabolic process 
male clinal 3.32E-02 GO:0006525 BP arginine metabolic process 
male clinal 1.55E-02 GO:0016054 BP organic acid catabolic process 
male clinal 9.41E-03 GO:0046395 BP carboxylic acid catabolic process 
male clinal 4.13E-02 GO:0034440 BP lipid oxidation 
male clinal 3.47E-02 GO:0019395 BP fatty acid oxidation 
male clinal 4.76E-03 GO:1901565 BP organonitrogen compound catabolic process 
male clinal 5.00E-02 GO:1901136 BP carbohydrate derivative catabolic process 
male clinal 3.07E-02 GO:0006026 BP aminoglycan catabolic process 
male clinal 3.56E-02 GO:0051013 BP microtubule severing 
male clinal 2.88E-02 GO:0006144 BP purine nucleobase metabolic process 
male clinal 2.46E-02 GO:0097305 BP response to alcohol 
male clinal 3.63E-02 GO:0045471 BP response to ethanol 
male clinal 2.78E-03 GO:0005811 CC lipid particle 
male clinal 6.83E-04 GO:0005920 CC smooth septate junction 
male clinal 4.21E-02 GO:0016857 MF racemase and epimerase activity, acting on 
carbohydrates and derivatives 
male clinal 6.81E-04 GO:0048037 MF cofactor binding 
male clinal 1.31E-02 GO:0050662 MF coenzyme binding 
male clinal 2.19E-02 GO:0008431 MF vitamin E binding 
male clinal 2.92E-03 GO:0009055 MF electron carrier activity 
male clinal 2.00E-02 GO:0016842 MF amidine-lyase activity 
male clinal 1.61E-02 GO:0004029 MF aldehyde dehydrogenase (NAD) activity 
male clinal 3.90E-02 GO:0016453 MF C-acetyltransferase activity 
male clinal 3.72E-02 GO:0008084 MF imaginal disc growth factor receptor binding 
male clinal 3.68E-03 GO:0005506 MF iron ion binding 
male clinal 5.74E-03 GO:0000287 MF magnesium ion binding 
male clinal 5.72E-03 GO:0015020 MF glucuronosyltransferase activity 
male clinal 3.36E-02 GO:0001872 MF (1->3)-beta-D-glucan binding 
male clinal 3.72E-02 GO:0034512 MF box C/D snoRNA binding 
male clinal 4.37E-12 GO:0003824 MF catalytic activity 
male clinal 1.47E-03 GO:0016491 MF oxidoreductase activity 
156 
 
male clinal 4.27E-02 GO:0016705 MF oxidoreductase activity, acting on paired 
donors, with incorporation or reduction of 
molecular oxygen 
male clinal 3.90E-03 GO:0016787 MF hydrolase activity 
male clinal 1.27E-02 GO:0008233 MF peptidase activity 
male clinal 1.09E-02 GO:0070011 MF peptidase activity, acting on L-amino acid 
peptides 
male clinal 2.26E-02 GO:0004175 MF endopeptidase activity 
male clinal 3.00E-02 GO:0016798 MF hydrolase activity, acting on glycosyl bonds 
male clinal 1.74E-02 GO:0004553 MF hydrolase activity, hydrolyzing O-glycosyl 
compounds 
male clinal 4.20E-02 GO:0015926 MF glucosidase activity 
male clinal 2.86E-02 GO:0090599 MF alpha-glucosidase activity 
male population-
specific 
5.00E-02 GO:0032502 BP developmental process 
male population-
specific 
1.14E-02 GO:0048856 BP anatomical structure development 
male population-
specific 
1.21E-02 GO:0044707 BP single-multicellular organism process 
male population-
specific 
2.86E-02 GO:0007275 BP multicellular organism development 
male population-
specific 
1.58E-03 GO:0042335 BP cuticle development 
male population-
specific 
1.87E-03 GO:0040003 BP chitin-based cuticle development 
male population-
specific 
2.64E-02 GO:0022617 BP extracellular matrix disassembly 
male population-
specific 
4.45E-04 GO:0005576 CC extracellular region 
male population-
specific 
1.24E-02 GO:0044421 CC extracellular region part 
male population-
specific 
2.42E-02 GO:0031012 CC extracellular matrix 
male population-
specific 
2.90E-02 GO:0004712 MF protein serine/threonine/tyrosine kinase 
activity 
male population-
specific 
2.22E-02 GO:0003824 MF catalytic activity 
male population-
specific 
9.16E-03 GO:0042302 MF structural constituent of cuticle 
male population-
specific 
6.78E-03 GO:0005214 MF structural constituent of chitin-based cuticle 
male population-
specific 
4.13E-03 GO:0008010 MF structural constituent of chitin-based larval 
cuticle 
male both 8.69E-03 GO:0009605 BP response to external stimulus 
male both 3.50E-04 GO:0002376 BP immune system process 
male both 7.42E-04 GO:0009607 BP response to biotic stimulus 
male both 7.15E-04 GO:0043207 BP response to external biotic stimulus 
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male both 7.15E-04 GO:0051707 BP response to other organism 
male both 6.84E-05 GO:0009617 BP response to bacterium 
male both 1.88E-05 GO:0006952 BP defense response 
male both 1.48E-04 GO:0098542 BP defense response to other organism 
male both 3.65E-05 GO:0042742 BP defense response to bacterium 
male both 2.44E-04 GO:0050829 BP defense response to Gram-negative 
bacterium 
male both 4.62E-05 GO:0050830 BP defense response to Gram-positive 
bacterium 
male both 3.45E-05 GO:0006955 BP immune response 
male both 6.21E-05 GO:0006959 BP humoral immune response 
male both 2.57E-05 GO:0019730 BP antimicrobial humoral response 
male both 1.21E-06 GO:0019731 BP antibacterial humoral response 
male both 1.46E-02 GO:0042430 BP indole-containing compound metabolic 
process 
male both 7.48E-03 GO:0006586 BP indolalkylamine metabolic process 
male both 5.00E-02 GO:0009072 BP aromatic amino acid family metabolic 
process 
male both 7.48E-03 GO:0006568 BP tryptophan metabolic process 
male both 2.60E-02 GO:0016810 MF hydrolase activity, acting on carbon-nitrogen 
(but not peptide) bonds 
male both 6.93E-03 GO:0016811 MF hydrolase activity, acting on carbon-nitrogen 
(but not peptide) bonds, in linear amides 
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Appendix B4; G:Profiler Gene Ontology term analysis of genes that divergent gene overlap with 
prior studies of Drosophila melanogaster. 
p-value GO term ID GO term 
class 
GO term name 
0.0367 GO:0010033 BP response to organic substance 
0.0134 GO:0097305 BP response to alcohol 
0.00697 GO:0045471 BP response to ethanol 
0.0468 GO:0007610 BP behavior 
0.0084 GO:0044708 BP single-organism behavior 
0.00198 GO:0030534 BP adult behavior 
0.0149 GO:0048149 BP behavioral response to ethanol 
0.0206 GO:0019098 BP reproductive behavior 
0.0167 GO:0007618 BP mating 
0.0134 GO:0007617 BP mating behavior 
0.0361 GO:0060179 BP male mating behavior 
0.0457 GO:0007619 BP courtship behavior 
0.0468 GO:0014902 BP myotube differentiation 
0.0468 GO:0006949 BP syncytium formation 
0.0468 GO:0000768 BP syncytium formation by plasma membrane fusion 
0.0468 GO:0007520 BP myoblast fusion 
0.0468 GO:0008015 BP blood circulation 
0.0468 GO:0060047 BP heart contraction 
0.0468 GO:1903522 BP regulation of blood circulation 
0.0468 GO:0008016 BP regulation of heart contraction 
0.0468 GO:0007586 BP digestion 
0.00886 GO:0022600 BP digestive system process 
0.0249 GO:0002027 BP regulation of heart rate 
0.0457 GO:0042752 BP regulation of circadian rhythm 
0.0249 GO:0046434 BP organophosphate catabolic process 
0.0494 GO:0006629 BP lipid metabolic process 
0.0295 GO:0044712 BP single-organism catabolic process 
0.0457 GO:0044282 BP small molecule catabolic process 
0.0468 GO:0042558 BP pteridine-containing compound metabolic process 
0.0468 GO:0009063 BP cellular amino acid catabolic process 
0.00886 GO:0042559 BP pteridine-containing compound biosynthetic process 
0.00158 GO:0005576 CC extracellular region 
0.0241 GO:0044421 CC extracellular region part 
0.0494 GO:0005615 CC extracellular space 
0.0426 GO:0016491 MF oxidoreductase activity 
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0.0468 GO:0016645 MF oxidoreductase activity, acting on the CH-NH group of donors 
0.0249 GO:0016638 MF oxidoreductase activity, acting on the CH-NH2 group of donors 
0.0133 GO:0016814 MF hydrolase activity, acting on carbon-nitrogen (but not peptide) 
bonds, in cyclic amidines 
0.00693 GO:0016788 MF hydrolase activity, acting on ester bonds 
0.00434 GO:0042578 MF phosphoric ester hydrolase activity 
0.0217 GO:0008081 MF phosphoric diester hydrolase activity 
0.0408 GO:0016791 MF phosphatase activity 
0.0217 GO:0004035 MF alkaline phosphatase activity 
0.0468 GO:0004620 MF phospholipase activity 
0.0412 GO:0042302 MF structural constituent of cuticle 
0.0275 GO:0005214 MF structural constituent of chitin-based cuticle 
0.0171 GO:0008010 MF structural constituent of chitin-based larval cuticle 
0.0453 GO:0005179 MF hormone activity 
0.00716 GO:0001664 MF G-protein coupled receptor binding 
0.00886 GO:0071855 MF neuropeptide receptor binding 
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Appendix C 
Appendix C1; Mean numbers of red- and orange-eyed offspring from fitness assays in both sexes 
and experimental treatments. 
 
 Ancestor (Fors4) LS SS 
 Red Orange Total Red Orange Total Red Orange Total 
          
Male 
Fitness 
30.8     20.5 51.3 32.4     33.7 66.1 31.1     36.2 67.3 
Female 
Fitness 
85.7     53.9 139.6 49.6     56.3 105.9 52.1     58.8 110.9 
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Appendix C2; Boxplot showing the proportion of red-eyed offspring for the male and female 
fitness assays in both treatments and the founding ancestor. 
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